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Fast-scan cyclic voltammetry (FSCV) is a common analytical electrochemistry tool used to measure
chemical species. It has recently been adapted for measurement of neurotransmitters such as
dopamine in awake and behaving animals (in vivo). Electrode calibration is an essential step in FSCV
to relate observed current to concentration of a chemical species. However, existing methods require
multiple components, which reduce the ease of calibrations. To this end, a microfluidic flow cell
(LFC) was developed as a simple device to switch between buffer and buffer with a known
concentration of the analyte of interest — in this case dopamine — in a microfluidic Y-channel. The
ability to quickly switch solutions yielded electrode calibrations with faster rise times and that were
more stable at peak current values. The pFC reduced the number of external electrical components
and produced linear calibrations over a range of concentrations. To demonstrate this, an electrode
calibrated with the pnFC was used in FSCV recordings from a rat during the delivery of food reward —
a stimulus that reliably evokes a brief increase in current due to the oxidation of dopamine. Using the
linear calibration, dopamine concentrations were determined from the current responses evoked
during the behavioral task. The uFC is able to easily and quickly calibrate FSCV electrode responses
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to chemical species for both in vitro and in vivo experiments.

1. Introduction

Fast-scan cyclic voltammetry (FSCV) is a common analytical
electrochemistry tool that has more recently been applied to
investigate the role of neurotransmitters in awake and behaving
subjects.! Its ability to detect chemical changes with high temporal
and spatial resolution accounts for its prevalence in measuring
neurotransmitters such as dopamine in awake and behaving
animals (in vivo).** In FSCV, a voltage ramp is rapidly applied to
a carbon fiber electrode causing chemical species at the electrode
surface to oxidize and reduce—which is measured as current.
Electroactive species are identified by their current by voltage plots;
for the neurotransmitter dopamine, the current at the potential that
evokes peak oxidative current is directly proportional to concen-
tration.! Electrodes are used acutely and must be calibrated after
use to relate concentration to observed current.

Commonly, a flow injection apparatus is used to calibrate
electrodes.®” The system consists of a syringe pump and a rotary
valve loop injector preloaded with dopamine, and an electrode
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tip is inserted into the end of the loop injector. A buffer solution
(commonly phosphate buffer or artificial cerebral spinal fluid) is
continuously pumped through the flow system, and a computer
triggers the release of dopamine into the buffer. Thus, the flow
injection apparatus briefly exposes the electrode to a known
concentration of dopamine before returning to buffer alone. The
macro flow cell (mFC), another calibration device, is an
adaptation of the flow injection system.® Instead of the electrode
being inserted in the injector, it is stationary in a flow cell and
buffer and dopamine are sequentially passed over the electrode.
Buffer is continuously pumped into the system, and an injection
apparatus is preloaded with dopamine and injected into the flow
cell. In addition, other calibration setups exist that are similar in
design and incorporate similar equipment with subtle variations
implemented by different laboratories. In all systems the
electrode is briefly exposed to dopamine for calibration, but
they require multiple components. Electrode placement in the
flow injection apparatus is tedious and requires a micromanipu-
lator, and there is a risk of the electrode breaking during
placement. The macro flow cell simplifies the electrode place-
ment by using an in-house manipulator that easily docks the
electrode into the flow cell. However, due to the large chamber
volume, the macro flow cell slowly switches between solutions,
creating a slow rise time in response, which does not stabilize
at a peak current value. Microchip-based flow injectors have
been developed to address the issues with conventional flow
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injectors.”!* These chips commonly utilize two separate streams
of the buffer and sample of interest. Off-chip switching either
using electrokinetic focusing or an injection valve can determine
which stream is exposed the microelectrode. The on-chip
measurements improve on the previous methods since there is
minimal dilution of the sample of interest. These devices however
require separate equipment to drive the switching between
solutions.

The microfluidic flow cell (WFC) borrows from the mFC and
builds upon previous microchip-based flow injectors. The pFC
houses the electrode in a plastic manipulator that is docked into
a polycarbonate Y-channel allowing the electrode access into the
channel. The device contains inlet and outlet ports for buffer and
buffer with a known concentration of dopamine, and a reference
electrode (chlorinated silver wire) is included to perform FSCV.
The ability to quickly change the fluidic interface between two
solutions in a Y-channel is exploited as previously demonstrated
for other microfluidic applications.'*'® The electrode is exposed
to quick switching between dopamine and buffer solutions
creating a step-like current response. The pFC simplifies the
electrode calibration while improving the rise times and its
stabilization at peak current values.

2. Material and methods
2.1 pFC fabrication and calibration setup

The pFC was designed in AutoCAD and machined from two
acrylic blocks measuring 2.8 cm 1 x 5.5cm w x 1.2 cm h. The
top half housed the molded Y-channel and manipulator insert to
allow the electrode access to fluid in the channel. A silicone
rubber O-ring was placed in the insert to prevent the leaking of
solution into the manipulator. Inlets and an outlet were
drilled for fluid flow, and a reference electrode, composed of
chlorinated silver wire (Ag/AgCl), was inserted into a hole drilled
perpendicular to the outlet and sealed with epoxy. The two parts
were assembled together with screws to seal the channel.
Connectors (#13 160; World Precision Instruments) were
inserted into the inlets and outlet and connected to Tygon
tubing (R-3603, ID 1/16"’, OD 1/8'"; Cole-Parmer). The design
of this channel can be easily fabricated by any machine shop with
basic CNC milling machine capabilities.

Gravity perfusion was used to drive fluid through the device.
Two open 60 ml syringes (BD Syringe) were hung 0.45 m above
the device, and flow was controlled with intravenous (IV) dial
flow regulators (Wolf Medical Supply) and 1 way stopcocks
(Cole-Parmer). For all experiments artificial cerebral spinal fluid
(aCSF) was used as buffer and contained (in mM): 125 NaCl,
4 KCL, 1.3 CaCl,, 1 MgCl,, 0.66 NaH,PO,, 2 Na,HPO,,
1 glucose; termed buffer solution). For calibrations, dopamine
hydrochloride (Sigma Aldrich) was diluted in the buffer solution
(termed dopamine solution). Buffer and dopamine solutions
were filled into separate syringes. A manipulator introduced the
carbon-fiber electrode into the channel. Flow rate determined
which input was exposed to the electrode by shifting the fluidic
interface between the input streams in the channel. The buffer
solution was continuously delivered at a rate of 1 ml min~ !, and
when on, the dopamine solution was delivered at a rate of
1.5 ml min~' which caused the fluidic interface to shift and
exposed the electrode to the dopamine solution. All bubbles were

removed before calibrations to prevent interference with the
signal measured.

2.2 Voltammetric recordings

Procedures for FSCV recordings are identical to those previously
described.®!” Briefly, electrodes were made by aspirating a
carbon fiber into a glass pipette, which was pulled in a vertical
micropipette puller. These electrodes, which had a length of
carbon fiber protruding from the glass seal, were examined
under light microscopy and the fiber was cut to 75-100 pm
using a scalpel. Electrodes were then loaded into custom made
manipulators (UIC Research Resources Center). Using these
manipulators, which are designed to interface with the guide
cannula implanted in the brain of experimental rat subjects,
electrodes were lowered into the channel of the pFC. Electrodes
were held at —0.4 V against Ag/AgCl between voltammetric
scans and then driven to +1.3 V and back at 400 V s~ '. This
triangle waveform causes oxidation and reduction of chemical
species at the electrode resulting in a large background current.
Background current is digitally subtracted so that changes in
current produced by the oxidation/reduction of transient signals
(e.g. neurotransmitter) can be identified. Dopamine is electro-
active within this potential range and is identified by plotting
current against the applied potential used to produce a
background-subtracted voltammogram color plot.

2.3 Subjects

Adult male Sprague-Dawley rats (Charles River; ~350 g) were
housed in plastic cages (26.5 x 50 x 20 cm) in a temperature
(22 °C) and humidity (30%) controlled environment on a 12/12 h
light/dark cycle (lights on at 7 : 00 am). Rats were food restricted
to ~95% of their ad libitum body weight with free access to
water during training and testing but not during recovery from
surgery. Animal care and use was in accordance with the
National Institutes for Health Guide for the Care and Use of
Laboratory Animals and approved by the Institutional Animal
Care and Use Committee at the University of Illinois at Chicago.

2.4 Surgery

Surgical procedures were identical to previously described.®!”
Briefly, rats were anesthetized with ketamine hydrochloride
(100 mg kg™ ') and xylazine hydrochloride (10 mg kg™!) and
mounted in a stereotaxic frame (David Kopf Instruments). A
guide cannula directed at the nucleus accumbens core (mm from
Bregma: +1.3 anterior, -1.5 lateral), a chlorinated silver wire
reference electrode in the contralateral cortex, and a bipolar
stimulating electrode in the ventral midbrain (mm from Bregma:
—5.2 anterior, —1.0 lateral), were implanted and affixed to the
skull using dental cement. Rats were allowed at least a week of
recovery before FSCV recordings took place.

3. Results and discussion
3.1 Minimized components for electrode calibration

The mFC required multiple instruments for operation. Two
images of the mFC and pFC calibration setup are displayed in
Fig. 1. In the mFC, a gravity flow was used to continuously
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Fig. 1 The macro flow cell (mFC) requires multiple components for
operation. The mFC is connected to a syringe pump which continuously
perfuses buffer into a bath through the inlet. A flow injection apparatus
injects buffer + dopamine into the bath where the carbon fiber electrode,
housed in the manipulator, and the reference electrode comes into contact
with the solution for current measurements. A trigger and computer (not
shown) controls the duration the buffer + dopamine is introduced into the
solution. The microfluidic flow cell eliminates the need for external
instruments. It consists of a Y-channel with an opening in the center of the
channel to accommodate a carbon fiber-microelectrode housed in a
manipulator. The electrode is lowered by the manipulator into contact
with fluid flow. A gasket is placed in the insert to block fluid from entering
the manipulator, and a reference electrode is placed in the side for contact
with the outflow. The microelectrode and reference electrode are used in
conjunction to measure the changes in current in the system.

perfuse the buffer solution. A flow injection apparatus injected
the dopamine solution into the bath where the carbon fiber
electrode, housed in the manipulator, and the reference
electrode, came into contact with the solution for measurements.

A trigger and computer (not shown) controlled the duration the
dopamine solution was introduced. Multiple calibrations were
tedious since the flow injection apparatus could only preload
300 pl of dopamine solution at a time. Lastly, the additional
components occupy a larger amount of bench space.

The pFC addressed problems with the mFC by introducing
the carbon fiber electrode directly in the center of a microfluidic
Y-channel. As before, the electrode’s position in the channel was
controlled by the manipulator it was housed in, and a reference
electrode was added for current measurements. Gravity perfu-
sion through two open syringes was used to drive the solution.
Characteristics of a Y-channel were exploited to switch the
electrode between the buffer and dopamine solutions. Altering
the flow rate of each solution determined which input was
exposed to the electrode. Additionally, the uFC removed the
need for external electrical components.

3.2 Rapid switching between buffer and dopamine and reduced
variability in current response

A step-like current response was achieved by rapidly switching
the solution that the electrode was exposed to from buffer to
dopamine. In Fig. 2, food dye was used to color each solution
and shows the rapid change in fluidic interface in the device,
which is achieved by altering the flow rates. Initially, the flow
rate for the buffer solution (blue) was set to 1 ml min~' to fill the
channel. The dopamine solution (yellow) was introduced into the
channel at a rate of 1.5 ml min~' to displace the flow of
the buffer solution and the electrode was briefly exposed to
dopamine for ~5 s. Last, the flow of the dopamine solution was
stopped and the buffer solution was returned to the electrode.
Additionally, the pFC simplified multiple successive calibrations
since a large reservoir of the dopamine solution was maintained
allowing for many repetitions of switching between solutions,
which cannot be achieved in the mFC.

Relative to the mFC, the pFC produced current responses that
exhibited faster rise times and plateaued quicker near the peak
current value as displayed in Fig. 3. Normalized current
responses evoked by 1 pM dopamine solution were compared
between the pnFC and mFC. A first-order exponential was fitted
to early phase of both responses and revealed that the rise time
was ~ 3 times shorter in the pFC than the mFC (tau: 296.62 ms
vs. 871.52 ms). In addition, when the late phase of the response
was fitted with a linear function (dotted lines), the response in
the ptFC was ~2.5 times flatter than in the mFC, ie. the slope

Fig. 2 The pFC allows for rapid switching of fluids in the microfluidic channel. (A) Initially, only the blue fluid was flowing at 1 ml min~'. (B) When on,
the yellow stream filled a majority of the channel due to its faster flow rate of 1.5 ml min™~'. (C) The blue stream recovered when the yellow stream was off.
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Fig. 3 The current responses between the macro flow cell (mFC, blue)
and pFC (red) were compared. The pFC exhibited a faster rise time and
flatter peak. A standard first-order exponential was fitted to the early
part of the response. Tau of the rise time, was less in the ptFC (296.62 ms)
than the mFC (871.52 ms). In addition, slope gradient of the late phase
(dotted lines) for the pFC (2.26% per second) was less than for the mFC
(6.08% per second). The dashed lines show the upper range of the
standard error for the pFC and the lower range for the mFC.

was shallower (slope: 2.26% per s vs. 6.08% per s). The dashed
lines show the upper range of the standard error for the pFC and
the lower range for the mFC. The shallower slope as the pFC
response reaches its maximum current value indicates that,
relative to the mFC response, it is closer to stabilizing at the peak
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concentration; this provides more confidence when determining
the corresponding current value to concentration.

A likely factor accounting for the stabilization of the current
response in pFC is the constant level of dopamine solution at the
electrode surface during applications. In addition, a large
chamber volume in the mFC created turbulent movement in
the bath. Although the electrode was in contact with the solution
near the inlet, turbulent flow still dispersed the dopamine
solution creating an inconsistent concentration at the electrode
surface. The laminar flow in pFC allowed dopamine to near-
instantaneously and continuously interact with electrode, stabi-
lizing the peak current amplitude and producing faster rise time.

3.3 Calibration curves to determine dopamine concentrations in
vivo

Electrode responses in the pFC to different concentrations of
dopamine were measured. Fig. 4A shows the current (repre-
sented in color) plotted against the applied potential (E,pp) as a
function of time for dopamine concentrations of 1000, 500, 200,
100, and 50 nM. Dopamine was detected at its peak oxidation
potential of ~0.6 V (green feature). The current monitored at
the peak oxidation potential for dopamine are displayed below
each ‘color plot’. Both the color and current plots exhibit little
noise and the current plot retains its step-like shape even at lower
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Fig. 4 Linear calibration curves. (A) We assessed electrode responses in the flow cell to a range of dopamine concentrations (1000, 500, 200, 100, and
50 nM). Shown here are color plots (top panels), cyclic voltammograms (insets) and current by time traces (bottom panels) for a single representative
electrode across the range of dopamine concentrations. In the color plots, the x-axis is time (s), the y-axis is applied potential to the electrode (V) and current
is coded by pseudocolor (nA, scale on right). The chemical signature of dopamine can be seen as a specific change in current at its oxidation (~0.60 V) and
reduction (~ —0.21 V) potentials. The dashed white lines in the left-hand color plot show the data from which the cyclic voltammograms (a) and the current
by time traces (b) are derived. (B) Data were obtained for five electrodes, shown in different colors. Data are mean + SEM for three trials at each
concentration; errors are too small to be visible. (C) When normalized to account for differences in maximum amplitude, slopes for each electrode were close
to 1 (range: 0.918-1.083; mean: 0.985) indicating excellent linearity. Data shown are mean + SEM for the five electrodes shown in B.
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concentrations. Current responses were obtained from five
electrodes in the pFC at concentrations of 1000, 500, 200, 100,
and 50 nM. Due to differences in maximum amplitude of the
electrodes, the calibration data was normalized. The electrodes
exhibited linear slopes that were close to 1 (range: 0.918-1.083;
mean: 0.985). The linear slopes confirm that the micro flow cell is
capable of calibrating electrodes over a range of concentrations,
which is important when accurately determining concentrations
in vivo.

The pFC is able to provide accurate calibrations for electrodes
used in FSCV studies in awake and behaving animals in vivo. The
small size of the micro flow cell is an advantage since the
calibrations can be conducted in the same chamber as the in vivo
measurements, which allows for better standardization of the
environment between the experiment and the calibrations.
Fig. S5a displays a concentration curve for an individual
electrode. As before, the curve shows excellent linearity and
determined that 1 nA corresponds to 48.26 nM dopamine. After
calibration, the same electrode was placed in the nucleus
accumbens core of a rat, a brain region that receives dense
dopamine input and is engaged in behaviors that involve
learning about food and other rewards. Current responses across
all voltages of the electrode were measured using FSCV in
response to sensory stimuli that the rat had been trained to
associate with food delivery. Specifically, a compound (tone/
light) stimulus preceded the delivery of a rewarding sugar pellet
by 3 s. Single dopamine release events, identified by the specific
potentials at which oxidative current was observed, were evoked
by both the compound cue and the delivery of the sugar pellet
and were evident in the color plot (Fig. 5b). A scan of the current
response against time (monitored at the peak of the oxidative
current, 0.65 V) is shown in Fig. 5c. An increase in current was
apparent at the onset of the compound cue and a second peak in
current occurred after delivery of the pellet. In this trial, the
cues evoked a greater increase in oxidative current than pellet
delivery, consistent with existing literature.'® Principal compo-
nent analysis was used with the calibration constant obtained by
the pFC to convert the observed current into dopamine
concentration,'® and this concentration is plotted in Fig. 5c.

Electrode calibrations are essential for studies employing
FSCV. While analyte identification can be performed in situ,
understanding the relationship between observed current and
concentration requires electrode calibration. The pFC permits
accurate calibrations that can be performed before and/or after
in vivo recordings. Accurate calibrations provide confidence that
concentration values assigned to current changes match true
concentrations of dopamine encountered in the brain. In
addition, the pFC is applicable for other neurotransmitters,
chemical species, and the measurement of a solution’s pH.

4. Conclusion

The pFC is a simple device that permits rapid switching between
solutions exposed to electrodes used in analytical chemistry and
neuroscience. Relative to other devices, the removal of external
components not only simplified the setup, but the reservoirs of
buffer and dopamine solutions also allowed for numerous
repetitions of calibrations without frequent preloading.
Importantly, values obtained in the pFC exhibited faster rise

times and a shallower slope near the peak current. The current
response of the pFC maintained its step-like shape over a large
range of concentrations and produced linear calibration curves,
which are essential for accurate modeling of in vivo dopamine
concentrations. The pFC is a device that can be easily integrated
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Fig. 5 Dopamine calibration for in vivo measurements. (A) The uFC
produced a calibration curve to relate recorded current to dopamine
concentration (1 nA = 48.26 nM) for a single electrode. Data shown are
mean + SEM for three trials at each concentration; errors are too small
to be visible. (B) This same electrode was lowered into the nucleus
accumbens core of an awake, behaving rat and used for in vivo
measurements. A color plot (as described in detail in Fig. 4) shows
dopamine release in vivo while the rat responded to food-predictive cues
and pellet delivery. (C) The calibration curve is used in conjunction with
principal component analysis to derive concentration of dopamine from
current produced.
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in many laboratory setups and is a simple solution for electrode
calibrations.
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