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Abstract

Dopamine (DA) is a monoamine neurotransmitter responsible for regulating a variety of vital life
functions. In vivo detection of DA poses a challenge due to the low concentration and high speed
of physiological signaling. Fast scan cyclic voltammetry at carbon fiber microelectrodes (CFES) is
an effective method to monitor real-time in vivo DA signaling, however the sensitivity is
somewhat limited. Electrodeposition of poly(3,4-ethylene dioxythiophene) (PEDOT)/graphene
oxide (GO) onto the CFE surface is shown to increase the sensitivity and lower the limit of
detection for DA compared to bare CFEs. Thicker PEDOT/GO coatings demonstrate higher
sensitivities for DA, but display the negative drawback of slow adsorption and electron transfer
kinetics. The moderate thickness resulting from 25 s electrodeposition of PEDOT/GO produces
the optimal electrode, exhibiting an 880% increase in sensitivity, a 50% decrease in limit of
detection and minimally altered electrode kinetics. PEDOT/GO coated electrodes rapidly and
robustly detect DA, both in solution and in the rat dorsal striatum. This increase in DA sensitivity
is likely due to increasing the electrode surface area with a PEDOT/GO coating and improved
adsorption of DA’s oxidation product (DA-0-quinone). Increasing DA sensitivity without
compromising electrode kinetics is expected to significantly improve our understanding of the DA
function in vivo.
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1. Introduction

Neurochemicals, such as dopamine (DA), are responsible for the regulation of a myriad of
physical and cognitive functionality (Brooks 2001; Hull et al. 1999; Urban et al. 2012).
Observing the real-time kinetics of in vivo neurochemical signaling is paramount to
uncovering these functionalities and furthering our understanding of brain function and
dysfunction. Electrochemical methods, such as fast scan cyclic voltammetry (FSCV) and
chronoamperometry, have been widely employed for the sub second detection of
electroactive neurochemicals such as dopamine (Jones et al. 1995; Kawagoe et al. 1992;
Larsen et al. 2011; Taylor et al. 2013; Taylor et al. 2015; Wightman et al. 1988), ascorbic
acid (Cofan and Radovan 2008; Yoshimi and Weitemier 2014), norepinephrine (Park et al.
2011), adenosine (Nguyen et al. 2014; Ross et al. 2014) and serotonin (Hashemi et al. 2012;
Hashemi et al. 2009; Hashemi et al. 2011). The high temporal resolution afforded by these
electrochemical detection techniques allows for in vivo concentration monitoring of
neurochemicals on a physiologically relevant timescale (Robinson et al. 2011).
Chronoamperometry provides superior temporal resolution but lacks analyte selectivity,
while FSCV forfeits temporal resolution for the ability to discern specific analytes via a
diagnostic cyclic voltammogram fingerprint. Due to the importance of selectivity, FSCV is
often considered a more favorable detection method.

Carbon fiber microelectrodes (CFE) have been used as an electrochemical detector for in
vivo neurochemical monitoring for decades (Gonon et al. 1978) due to its efficient electrical
conductivity, adsorptive capabilities, and small size (McCreery 2008). In fact, in vivo
monitoring of cerebral systems using CFEs has significantly enhanced our understanding of
a wide range of cognitive functionalities such as reward (Ambrosi and Pumera 2013),
addiction (Phillips et al. 2003a) and motor control (Giros et al. 1996). The use of a small
electrode imparts many advantages for in vivo electrochemical detection. First, the small
size of the electrode allows for rapid alteration of applied potential. Rapid potential
sweeping is necessary for the use of FSCV. Second, the small dimensions of the CFE
mitigates damage caused by electrode insertion. The insertion of a 7 um diameter CFE has
been shown to elicit significantly less immune response than a 200 pm diameter
microdialysis probe in the rat dorsal striatum (Jaquins-Gerstl and Michael 2009; Peters et al.
2004). It is well documented that the introduction of large foreign bodies into healthy neural
tissue elicits a substantial immune response localized to the damage site immediately upon
penetration (Borland et al. 2005; Jaquins-Gerstl and Michael 2009; Jaquins-Gerstl et al.
2011; Kozai et al. 2015). This host tissue response disturbs the “healthy” neuronal tissue,
subsequently altering the kinetics of neurotransmitter release, uptake, and diffusion (Borland
et al. 2005; Mitala et al. 2008; Nesbitt et al. 2013; Nesbitt et al. 2015; Wang and Michael
2012). Third, the small size of the CFE allows for the detection of individual groupings of
neurons. This provides the high spatial resolution necessary to map regions of discrete
neurotransmitter Kinetics throughout the brain (Moquin and Michael 2009; Shu et al. 2013;
Taylor et al. 2015). While these features make the CFE an attractive in vivo detector, there is
still room for improvement. CFEs exhibit a 200 nM limit of detection and a moderate
sensitivity for DA (sensitivity dependent on the length of the exposed carbon fiber). Recent
efforts have been made to improve the performance of carbon based electrodes, such as
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incorporation of single wall carbon nanotubes onto the CFE surface (Ross and Venton 2012;
Swamy and Venton 2007; Xiao and Venton 2012), the development of carbon nanotube
fibers and yarns (Jacobs et al. 2014; Schmidt et al. 2013; Zestos et al. 2014; Zestos et al.
2013), the advancement of carbon nanopipettes (Phillips et al. 2003b) and the deposition of
conductive polymers and coatings (Gerhardt et al. 1984; Vreeland et al. 2015).

Conductive polymers can be controllably deposited on a substrate surface via the application
of a potential sufficient to oxidize and polymerize the specific monomer. The introduction of
a thin conductive polymer film increases the effective surface area in addition to
incorporating a specific reactive surface on the electrode substrate without sacrificing the
conductive property of the electrode. Poly(3,4-ethylene dioxythiophene) (PEDQOT) is
electro-polymerized from 3,4-ethylene dioxythiophene (EDOT) monomers. The oxidative
polymerization of PEDOT results in positive charges on the polymer backbone, this allows
for the incorporation of negatively charged doping agents, such as graphene oxide (GO)
(Luo et al. 2013a; Wang et al. 2015; Wang et al. 2014; Weaver et al. 2014a; Weaver et al.
2014b), polystyrene sulfonate (PSS) (Alemu et al. 2012; Tait et al. 2013), carbon nanotubes
(CNT) (Gerwig et al. 2012; Luo et al. 2011; Xu et al. 2013), Nafion (Vreeland et al. 2015;
Wang and Olbricht 2010) and tosylate (Larsen et al. 2012; Vreeland et al. 2014), for the
purpose of charge balancing. The introduction of a doping agent also has the added benefit
of incorporating additional reactive functional groups. GO, a negatively charged molecule,
has great potential in the fields of biosensing, tissue engineering, and drug delivery. The
extensive oxidative functionalization of the GO surface inhibits electrical conductivity due to
the interruption of conjugated pi bonding (Dreyer et al. 2010). Incorporating GO into the
PEDOT conductive polymer coating as a dopant allows for it to be used in an electrode
material without the associated drawbacks of an electrical insulator.

PEDOT functionalized materials are widely used as electrochemical sensors (Nie et al.
2013; Zhang et al. 2014; Zhang et al. 2015). In particular, PEDOT/GO and its PEDOT/
reduced GO counterpart have been shown to be effective for the selective chemical sensing
of DA on 3mm diameter glassy carbon macroelectrodes using conventional cyclic
voltammetry (100 mV/s sweep rate) (Wang et al. 2014; Weaver et al. 2014b). In addition,
PEDOT/GO coatings can undergo controlled drug delivery upon the application of a trigger
potential (Weaver et al. 2014a) or be functionalized to promote cellular interactions for
tissue engineering applications (Luo et al. 2013b). These factors make PEDOT/GO a desired
coating for CFE modification.

2. Materials and Methods

Carbon fiber electrodes

Single carbon fibers (7 um diameter, T650; Cytec Carbon Fibers LLC, Piedmont, SC, USA)
were thread into borosilicate glass capillaries (0.4 mm ID, 0.6 mm OD; A-M systems Inc.,
Sequim, WA, USA) and pulled to a fine tip (8 um OD) using a vertical electrode puller
(Narishige puller, Los Angeles, CA, USA). Electrode tips were sealed using low viscosity
epoxy (Spurr Epoxy; Polysciences Inc., Warrington, PA, USA). The exposed carbon fibers
were trimmed to 400 um length and electrical connection was established via a drop of
mercury and a single nichrome wire (annealed nichrome; Goodfellow, Oakdale, PA, USA).
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Fully assembled electrodes were soaked in isopropanol (Bath et al. 2000) for 15 minutes
prior to bare electrode calibration, prior to PEDOT/GO coating and prior to calibration post
PEDOT/GO coating.

GO synthesis and PEDOT/GO electropolymerization

GO was synthesized via the modified Hummer’s method used in previous work (Hummers
and Offeman 1958; Luo et al. 2013a; Weaver et al. 2014a; Weaver et al. 2014b) and stored as
a concentrated stock in water until use. Prior to use, GO was diluted to 5 mg/mL with water
and spiked with 1 pL/mL EDOT monomer. The EDOT/GO solution was stirred vigorously
overnight at 4°C prior to 60 minutes (Weaver et al. 2014b) of continuous probe sonication.
Probe sonication serves to mechanically exfoliate the GO nanosheets, altering the size and
thickness of the GO nanoparticles (Weaver et al. 2014a; Weaver et al. 2014b), in addition to
aiding the dissolution of the EDOT monomer. The EDOT/GO solution was prepared in an
aqueous solution in the absence of salt to ensure that GO was the sole dopant (Luo et al.
2013a). Conductivity within the EDOT/GO solution was maintained by the presence of
negatively charged GO molecules. PEDOT/GO films were electrochemically deposited onto
CFE surfaces via chronopotentiometry using a three electrode setup (isopropanol soaked
CFE: working, Pt sheet: counter, Ag/AgCI wire: reference) at a Gamry potentiostat, FAS2
femtostat (Gamry Instruments, Warminster, PA, USA). Chronopotentiometry consisted of a
single current step from 0 to 12.55 nA for a period of 5, 10, 25, 50, or 100 seconds. Coated
electrodes were rinsed in water and soaked in isopropanol for 15 minutes prior to
calibration. The reference electrode was stable upon repeated polymerizations, both within
and between days, when stored in 1M KCI between uses. Electrochemical impedance
measurements were collected from n=3 individual electrodes from each PEDOT/GO
deposition duration condition in PBS using a three electrode setup (PEDOT/GO coated
CFEs: working, Pt sheet: counter, glass enclosed Ag/AgCI: reference) at an Autolab
potentiostat/galvanostat PGSTAT128N (Metrohm, Herisau, Switzerland). Impedance values
were in response to a series of 15 mV sinusoidal alternating currents applied in a frequency
range between 1 Hz and 100,000 kHz.

Fast scan cyclic voltammetry

FSCV was performed using a two electrode system (CFE: working, glass enclosed Ag/
AgCI: reference) at a locally built potential driver (University of Pittsburgh Electronics
Shop, Pittsburgh, PA, USA) and a Keithley 428 current amplifier (Keithley Instruments,
Cleveland, OH, USA) controlled by the CV Tar Heels LabVIEW program (CV Tar Heels
v4.3, courtesy of Dr. Michael Heien, University of Arizona, Tucson, AZ, USA). The
potential waveform consisted of a 400 V/sec sweep from the 0 V resting potential up to +1.0
V, down to —0.5 V, and back to the 0 V resting potential applied at 10 Hz. DA detection was
confirmed via identification of the background subtracted cyclic voltammogram. The current
corresponding to the maximum oxidation potential for each electrode was used to produce
the associated current vs. time plots (IT plots). Maximum IT currents were used to generate
sensitivity plots and associated sensitivity values. At no point did the potential reach a
sufficiently negative potential required to induce reduction of GO to reduced GO (rGO)
(Ambrosi and Pumera 2013; Wang et al. 2015; Wang et al. 2014).
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Electrode calibration

Electrodes were calibrated using freshly prepared DA HCI (Sigma Aldrich, St. Louis, MO,
USA) standards (0.5, 1, 5, and 10 uM) dissolved in N, purged artificial cerebral spinal fluid
(aCSF: 142 mM NaCl, 1.2 mM CaCl,, 2.7 mM KCI, 1.0 mM MgCly,, 2.0 mM NaH,POy,
pH7.4). Calibrations were conducted before (pre-calibration) and after electrodeposition of
PEDOT/GO (post-calibration) using a custom built gravity fed flow cell. The apparatus
consists of a sample injection port, 500 uL sample loop, waste port, gravity driven aCSF
introduction port, and a flow-through detection channel controlled by a pneumatically
actuated 6-port valve (Rheodyne 50/5701, Cotati, CA, USA). Electrode sensitivities were
determined as the slope of the concentration vs. maximum current plot over the 0.5-10 uM
concentration range.

In vivo procedures

All animal procedures were approved by the University of Pittsburgh Institutional Animal
Care and Use Committee. Male Sprague Dawley rats (250-350 g: Hilltop Labs, Scottsdale,
PA, USA) were anesthetized with isoflurane (2.5% by volume) and were immobilized in a
stereotaxic frame with the incisor bar raised to 5 mm above the interaural line (Pellegrino et
al. 1979). Body temperature was maintained at 37°C using an internal temperature
controlled thermal blanket (Harvard Apparatus, Holliston, MA, USA). Three portions of
skull and dura were removed for the introduction of reference, stimulating and working
electrodes. Bare or PEDOT/GO coated CFEs were lowered into the dorsal striatum (2.5 mm
anterior to bregma, 2.5 mm lateral from bregma and 5 mm below the cortical surface), the
bipolar stainless steel reference electrode (MS303/a; Plastics One, Roanoke, VA, USA) was
positioned over the medial forebrain bundle (MFB; 2.2 mm posterior to bregma, 1.6 mm
lateral from bregma and 7-8.5 mm below the cortical surface: final vertical position adjusted
to evoke maximum DA release in the ipsilateral striatum (Ewing et al. 1983; Kuhr et al.
1984; Stamford et al. 1988)) and electrical connection was established between the brain and
Ag/AgCI reference electrode via a salt bridge. /n vivo DA release was achieved through
stimulation of the MFB via the application of an optically isolated stimulus waveform
(Neurolog 800, Digitimer, Letchworth Garden City, UK) consisting of a biphasic, constant-
current square wave (2 ms per pulse, 250 YA pulse height, 60 Hz frequency, 3 second
duration) with the aforementioned twisted bipolar stainless steel reference electrode. Further
detail of in vivo procedures can be found in the following review articles (Robinson et al.
2003; Wightman et al. 1988).

Data analysis

Data was analyzed using MATLAB (MathWorks Inc., Natick, MA, USA) and Microsoft
Excel. Statistical analyses were conducted using IBM SPSS software (v22, IBM Corp,
Armonk, NY, USA).

Scanning electron microscopy

CFEs were imaged with and without 25 and 100 second PEDOT/GO coating using scanning
electron microscopy. SEM images were conducted at the Center For Biologic Imaging at
The University of Pittsburgh using a JSM6330 (Jeol, Peabody, MA, USA). Samples were
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mounted to the stage and grounded using conductive copper tape. Acceleration voltage used
was 3kV and working distance was adjusted automatically for optimal image quality.

3. Results and Discussion

PEDOT/GO Electrodeposition on CFEs

GO was synthesized as in previous studies using the modified Hummers method (Hummers
and Offeman 1958; Luo et al. 2013a; Weaver et al. 20144a; Weaver et al. 2014b).
Electrodeposition was carried out using an aqueous solution of GO and EDQT in the
absence of salt to ensure that GO was the lone dopant molecule (Luo et al. 2013a). Single 7
pum diameter, 400 pm length CFESs were coated with various thicknesses of a PEDOT/GO
surface layer by altering the duration of chronopotentiometry electrochemical deposition.
Figure 1 displays the scanning electron microscopy (SEM) images of a bare carbon fiber (a)
as well as a CFE subjected to 25 s (b) and 100 s (c) of PEDOT/GO electrodeposition (see
methods for chronopotentiometry parameters). Figure 1a shows the deep ridge morphology
inherent to the graphene based carbon fiber. These ridges aid in the use of carbon fibers as
an electrode material by increasing the effective surface area available for electron transfer
(Bard and Faulkner 2001). In addition, since the surface of the carbon fiber has been shown
to carry a net negative charge due to the presence of oxygen containing functional groups on
the edges of graphene subunits (McCreery 2008), the increase in surface area afforded by the
deep ridges serves to increase total negative charge on the electrode surface thus improving
the adsorption of positivity charged molecules, such as DA (Bath et al. 2001; Bath et al.
2000).

Similarly to the electrodeposition of PEDOT/GO onto glassy carbon electrodes (Luo et al.
2013a; Wang et al. 2015; Wang et al. 2014; Weaver et al. 2014b) and gold substrates (Tian et
al. 2014), Figures 1b and ¢ show that PEDOT/GO deposits on the CFE surface as a thin film
exhibiting pronounced folds and ridges. These pronounced white folds throughout the
coating are believed to be the protrusions of larger GO sheets out of the polymer surface,
accompanied by GO’s associated negative charge (Tian et al. 2014; Weaver et al. 2014b).
Increasing the electrodeposition duration from 25 s (Figure 1b) to 100 s (Figure 1c) appears
to increase the density of the pronounced GO folds while further filling the deep inherent
CFE ridges. This produces competing effects on the electrode surface area. The filling of the
CFE ridges serves to decrease surface area, while the incorporation of additional GO folds
act to increase surface area. Using these identical sample preparation/deposition conditions
Weaver et al. (2014) determined the oxygen/sulfur ratio for PEDOT/GO to be approximately
12:1. This is a marked enhancement over the fixed 2:1 O/S ratio exhibited by undoped
PEDOT polymer, further exhibiting the significant GO doping. Furthermore, during all
electrochemical experiments the applied potential did not at any time reach a sufficiently
negative potential required to induce reduction of GO to reduced GO (rGO) (Ambrosi and
Pumera 2013; Wang et al. 2015; Wang et al. 2014). Electrochemical impedance
measurements (Figure 2) of PEDOT/GO coated CFEs reveal that increasing deposition
duration decreases impedance over a wide range of sinusoidal current frequencies (Figure
2a). Furthermore, the impedance at 1 kHz is significantly altered by PEDOT/GO deposition
duration. This inverse relationship between impedance and PEDOT/Go deposition duration
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is likely due to lengthier durations resulting in increased electrode surface area. Further
detailed material characterization of PEDOT/GO coatings can be found in our previous
manuscripts (Wang et al. 2015; Wang et al. 2014; Weaver et al. 2014b).

Electrochemical Detection of DA Using FSCV

CFEs subjected to 5, 10, 25, 50, or 100 s of PEDOT/GO electrodeposition were evaluated as
DA sensing electrodes using 400 V/s FSCV. /n vivo DA fluctuations occur on the sub-
second timescale and the physiologically relevant micromolar concentration range (Taylor et
al. 2013; Taylor et al. 2012); subsequently the testing paradigm was designed to mimic such
constraints. Electrodes were tested using a user defined, pneumatically actuated flow cell
designed to rapidly introduce and remove preloaded DA standards. This addition and
subtraction of DA as a concentrated bolus allows for the assessment of DA induced faradaic
current as well as adsorption/desorption and electron transfer kinetics (Bath et al. 2001; Bath
et al. 2000). Sensor selectivity for DA was confirmed through the examination of
background subtracted cyclic voltammograms (CVs). The oxidation/reduction peak
potentials remain unchanged for a given analyte at a given set of FSCV collection
parameters and serves as a diagnostic fingerprint to confirm selectivity. We have previously
displayed the selectivity of PEDOT/GO coatings for DA over common in vivo interferent
molecules (i.e. ascorbic acid) (Wang et al. 2014; Weaver et al. 2014b) and in this study
further exhibit selective evoked DA detection in vivo.

PEDOT/GO Induced Increase in Capacitive Charging Current

The rapid 400 V/s potential sweep employed by FSCV induces a large non faradaic charging
current caused by the formation of an electric double layer on the electrode surface (Bard
and Faulkner 2001). As an electrode becomes increasingly charged (either positively or
negatively), oppositely charged ions in solution align along the electrode surface forming a
temporary capacitor. The subsequent charging and discharging of this electric double layer
induced by the FSCV potential waveform sweep produces a stable non faradaic capacitive
charging current defined by Equation 1.

teap=ACv  (Equation 1)

The non faradaic capacitive charging current, /.4, is defined by the electrode surface area,
A, the induced capacitance, C (related to the amount of charge accumulation on the
electrode surface) and the potential waveform scan rate, v (Bard and Faulkner 2001).

Figure 3a reveals the average non faradaic charging current associated with the 400 V/s
FSCV waveform sweep for CFEs before (n=32, blue) and after 5 s (n=5, red), 10 s (n=5,
green), 25 s (n=12, purple), 50 s (n=5, orange), and 100 s (n=5, teal) PEODT/GO
electrodeposition. The non faradaic capacitive charging current increases with PEDOT/GO
deposition duration from 5 to 100 s. Statistical analysis of the average (SEM) amplitude of
the charging current (Figure 3b) confirms that this increase is highly significant (two-way
repeated measures ANOVA, PEDOT/GO: F(1,27)=13496, p<1E~38, deposition time:
F(4,27)=618, p<5E~26, interaction: F(4,27)=2069, p<5E~33). Bonferroni post-hoc analysis of
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the PEDOT/GO coated electrode groups confirms that all five deposition durations exhibit
significantly different (p<0.05) average charging current amplitudes. Comparing the same
electrodes before and after PEDOT/GO coating removes any error that may be caused by
subtle variations between CFEs, thus allowing for direct analysis of the effect of the
PEDOT/GO coating.

Based on Equation 1, the increase in non faradaic capacitive charging current detailed in
Figure 3 indicates that the PEDOT/GO coating increases either the surface area, capacitance
(amount of fixed charge), or both. Analysis of non faradaic charging current alone cannot
discern the extent to which each factor contributes, but examination of Figure 1 suggests that
both increased surface area and increased charge (due to the incorporation of the negatively
charged GO dopant) likely contribute to the observed effect.

Increased DA Sensitivity Resulting from PEDOT/GO Coating

Figure 4a displays (over the same group of electrodes as above) the average current versus
time plots (IT plots) in response to a 10 uM DA flow cell challenge. The average maximum
faradaic current response to 10 uM DA increases with the PEDOT/GO deposition duration
from 5 to 50 s but fails to increase from 50 to 100 s. The sensitivity of each electrode was
calculated by determining the linear regression slope of maximum faradaic current versus
DA concentration calibration plots over the 0.5 to 10 uM DA concentration range. The
average calibration plots (+SEM) including linear regression fits for each group are
displayed in Figure 4b and the resulting average (+SEM) sensitivity values are detailed in
Figure 4c. Figure 4c displays the average sensitivities for each group of electrodes before
(blue) and after (colors detailed in figure legend, n-values described above) PEDOT/GO
deposition. Similarly to the trend displayed in Figure 4a, the average CFE sensitivity for DA
significantly increases with PEDOT/GO deposition time (two-way repeated measures
ANOVA, PEDOT/GO: F(1,27)=2587, p<5E~28, deposition time: F(4,27)=53.4, p<2E~12,
interaction: F(4,27)=151, p<5E~18). Bonferroni post-hoc analysis of the PEDOT/GO coated
electrodes reveals that the average sensitivities for each deposition duration are significantly
different (p<0.05) from each other with the exception of the 50 s and 100 s deposition
durations which do not exhibit significantly different sensitivities (p>0.05). Normalization of
the PEDOT/GO sensitivities to their corresponding bare CFE sensitivities provides the
average (xSEM) percent sensitivity increase (Table 1). The average percent increase in CFE
sensitivity for DA ranges from 295 + 29 % for a 5 s deposition duration to 1141 + 108 % for
a 50 s deposition of PEDOT/GO.

The lower limit of detection (LOD), defined as the concentration at which the current
corresponds to three times the standard deviation of a blank sample (Harris 2003), was
determined for each individual electrode before and after PEDOT/GO coating in buffer prior
to the introduction of DA. The average (+ SEM) LOD for each PEDOT/GO deposition
duration is reported in Table 1. PEDOT/GO coating significantly decreases the LOD for DA
independent of deposition duration (two-way repeated measures ANOVA, PEDOT/GO:
F(1,27)=45.0, p<5E~7") from 0.218 % 0.020 uM for bare electrodes to DA concentrations
below 0.1 uM for PEDOT/GO deposition durations of 10 s and above. A trend exists toward
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decreased LOD as the deposition duration increases, but Bonferroni post-hoc analysis
reveals that this trend is not significant (p>0.05).

The observed increase in sensitivity and decrease in LOD is comparable to similar work
conducted by Vreeland et a/. (Vreeland et al. 2015) detailing the development of a PEDOT/
Nafion coated cylindrical CFE. Our bare CFEs exhibited a lower baseline sensitivity for DA
(4.9 £ 0.5 nA/uM) than Vreeland’s PEDOT/Nafion electrodes (13 £ 2 nA/uM) but increased
to sensitivities (14-54 nA/uM) exceeding those presented for PEDOT/Nafion CFEs (26-46
nA/UM). The lower baseline sensitivities observed for the bare CFEs in this study result in a
much larger percent increase in DA sensitivity for PEDOT/GO coated electrodes (295—
1106%) compared to PEDOT/Nafion electrodes (200-350%). The LOD for DA presented by
Vreeland et al. for their bare CFEs (20 + 7 nM) is an order of magnitude lower than the bare
CFE LOD presented in this study (218 + 20 nM). Since both studies prepare their bare CFEs
similarly (Robinson et al. 2003; Vreeland et al. 2015), the discrepancy in bare electrode
sensitivity and LOD between Vreeland and our work is likely due to differences in the
experimental design. Vreeland et al. use an “optimized potential waveform”, scanning from
a holding potential of —0.4 V to 1.3V and back at 400 V/s. Combining overoxidation of the
electrode by scanning to higher potentials with lowering the electrode holding potential
increases the sensitivity and decreases the LOD of the bare CFE for DA (Heien et al. 2003).
Due to the susceptibility of PEDOT/GO to overoxidation, we chose the more conservative
potential waveform, scanning from a 0 V resting potential up to +1.0 V, down to -0.5 V, and
back to the 0 V at 400 V/s. Vreeland’s PEDOT/Nafion CFEs lower the LOD for DA (20-
30%) to a slightly lower percent of the bare CFE LOD compared to PEDOT/GO CFEs (57—
39%). In both cases, incorporation of PEDOT-based conductive polymer coatings onto CFES
enhances the detection capability for DA.

Analysis of Background Subtracted CV Peaks

The faradaic currents measured for each DA standard were confirmed to be due to DA via
analysis of the average background subtracted CVs. Figure 5a displays the average CV
traces corresponding to the detection of 10 uM DA for each electrode group after subtracting
the non faradaic capacitive charging current. Due to the aforementioned stability of the non
faradaic charging current, this background subtraction is entirely justified and routine. Each
electrode group exhibits characteristic anodic DA oxidation and cathodic dopamine o-
quinone (DA0Q) reduction peaks, confirming the detection of DA. Analysis of the ratio of
the peak cathodic current (/) to the peak anodic current (/5 ;) as well as the separation of
the cathodic and anodic peaks (AEp) reveals interesting details regarding electrode
performance. Prior to PEDOT/GO coating, the average (+SEM) 7, /i,  ratio (Figure 5b) was
0.56 + 0.01 over all 32 bare electrodes, indicating that the anodic DA oxidation peak is
larger than the cathodic DA0Q reduction peak. The average /p,J/p, 5 ratio is significantly
increased by the PEDOT/GO coating (two-way repeated measures ANOVA, PEDOT/GO:
F(1,27)=3264, p<2E~29, duration: F(4,27)=135, p<5E~17, interaction: F(4,27)=18.3,
p<5E~"). In fact, each of the five PEDOT/GO deposition duration groups exhibits an average
Ip,d 1y 4 1atio greater than 1.0, meaning that the cathodic DA0Q reduction peak is larger than
the anodic DA oxidation peak in the presence of PEDOT/GO.
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The AE, peak separation (Figure 5¢c) was also significantly altered by the PEDOT/GO
deposition (two-way repeated measures ANOVA, PEDOT/GO: F(1,27)=12.9, p<0.002,
duration: F(4,27)=128, p<5E~17, interaction: F(4,27)=134, p<5E~17). The average (+SEM)
AE, of the bare CFEs was 0.76 + 0.03 V. The 5 s deposition duration caused both the anodic
and cathodic peaks to shift closer to each other, resulting in an average AE, of 0.58 + 0.01 V.
As the PEDOT/GO deposition duration increased from 5 s, the peak separation significantly
increased (Bonferroni post-hoc analysis, p<0.05) to a maximum average AEp of 1.15 + 0.01
resulting from the 100 s PEDOT/GO coated electrodes. The 5 and 10 s PEDOT/GO
deposition duration electrodes exhibit a significantly smaller AE, than their corresponding
bare CFE responses, the 50 and 100 s PEDOT/GO deposition duration electrodes
demonstrate a significantly larger AE, than their response prior to coating, and the 25 s
deposition does not show a significant deviation in AEp, from bare CFE (Bonferroni post hoc
analysis).

Mechanism for DA Signhal Enhancement

The alteration of peak height and location provides meaningful insight that the mechanism
underlying the increase in DA sensitivity caused by PEDOT/GO is due to more than just an
increase in electrode surface area. The increase in the cathodic DA0Q reduction peak is
indicative of enhanced adsorption of the oxidized DA0Q species onto the electrode surface
(Bard and Faulkner 2001). When both the oxidized and reduced species are equally attracted
to the electrode surface, both molecules are subject to similar mass transport kinetics. Under
these conditions, as DA is oxidized to DA0Q on the electrode surface a steep concentration
gradient is formed between the electrode surface and the bulk DA solution. This
concentration gradient immediately forces DAoQ away from the electrode surface and
brings fresh DA from the bulk solution toward the electrode. The migration of oxidized
species away from the electrode surface results in a smaller reduction peak and a 7, /1, 4
ratio less than 1.0 (as is the case with bare CFESs). When the oxidized species is adsorbed to
the electrode surface with a higher affinity than the reduced form, the subsequent diffusion
of the oxidized species away from the electrode surface is not as robust. This results in larger
cathodic reduction peaks and increased 7, /i, 5 ratios. In the case of PEDOT/GO, the affinity
for DA0Q appears to be such that a pre concentration of DA0Q occurs on the electrode
surface prior to reduction resulting in a DA0Q cathodic reduction peak that is larger and
more narrow than its corresponding DA anodic oxidation peak (Bard and Faulkner 2001).
This increased adsorption of DA0Q onto the electrode surface is likely due to interactions
between the quinone and the GO subunits of the coating (Dreyer et al. 2010; Kaminska et al.
2012).

The initial narrowing of anodic and cathodic peak potential positions (decreased AEp)
quantified in Figure 5c¢ indicates that PEDOT/GO accelerates electron transfer kinetics. The
redox activity of DA occurs through a two electron, two proton transfer (Deakin et al. 1986;
Hawley et al. 1967; Laviron 1984; Tse et al. 1976) with the reaction pathway and associated
electron transfer kinetics dependent on DA’s adsorption to the electrode surface (DuVall and
McCreery 1999, 2000). DuVall and McCreery revealed that the adsorption/desorption of
DA/DA0Q onto the electrode surface is necessary for the detection of DA (DuVall and
McCreery 1999) likely through interactions with oxygen containing surface functional
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groups (Downard et al. 1995; DuVall and McCreery 1999). They went on to show that the
adsorption/desorption Kinetics at a carbon electrode surface alone are unable to explain the
large peak current amplitudes observed for the FSCV detection of DA. Instead, they
discovered that the electron transfer kinetics for DA are catalyzed by the adsorption of
quinone containing species, including DA0Q, onto the carbon electrode surface (DuVall and
McCreery 2000). These findings paired with the aforementioned discovery that PEDOT/GO
enhances DA0Q adsorption onto the electrode surface explain the reversal of the 7, /7, 5
ratio and the initial narrowing of AE, observed with PEDOT/GO coated CFEs. Furthermore,
when combined with the effects of increasing electrode surface area, these findings explain
the enhancement in DA sensitivity caused by PEDOT/GO.

Slowed Electron Transfer Kinetics at Longer Deposition Durations

In order for a probe to be considered an optimal in vivo sensor, it must exhibit rapid kinetic
features necessary to observe sub second environmental changes. In this case, an FSCV
electrode must demonstrate rapid adsorption/desorption and electron transfer kinetics. The
bare CFE has been well established as a rapid and effective in vivo DA sensor and will thus
be used as a reference for “acceptably fast” electrode kinetics. The rate of DA absorption/
desorption is measured by the time necessary to reach maximum/minimum current
following the introduction and removal of a concentrated DA bolus (Bath et al. 2001; Bath et
al. 2000). Non-adsorbing molecules, such as ascorbic acid, reach current maximum at a bare
CFE immediately upon bolus introduction and exhibit a square-shaped IT response.
Adsorbing molecules, such as DA, show a prominent “roll-over” feature in the IT curve
prior to reaching maximum current that is indicative of the adsorption Kinetics. This roll-
over feature, observed after the initial linear current increase, increases the time necessary
for the electrode to reach maximum current. The more pronounced the roll-over feature, the
slower the adsorption kinetics.

Figure 6a displays the average IT plots to a 10 uM DA bolus (previously displayed in Figure
4a) following normalization to maximum current amplitude. Amplitude normalization
allows for detailed comparison of signal rise/fall times as well as the roll-over feature for
electrodes before and after PEDOT/GO coating. 5 and 10 sec PEDOT/GO deposition
duration electrodes exhibit less pronounced roll-over features than bare CFEs, 25 and 50 s
deposition duration electrodes exhibit a slightly more pronounced roll-over features than
bare electrodes and the 100 s deposition electrodes display a large roll-over feature. The
extent to which each PEDOT/GO coating condition alters the adsorption kinetics was
quantified through the calculation of the r2 correlation coefficient comparing normalized IT
responses for each electrode before and after PEDOT/GO coating. The average (xSEM) r2
correlation coefficient values for the electrodes at each deposition duration are displayed in
Figure 6¢. There is a trend toward greater deviation in adsorption/desorption kinetics as the
deposition time increases. In fact, the average r? correlation coefficient of the 100 s
deposition electrodes is significantly less than each of the other groups (Bonferroni post hoc,
p<0.05).

As previously described, rapid potential sweep at the CFE surface induces a large non-
faradaic capacitive charging current. This capacitive current rapidly reaches its maximum
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and holds until the direction of the potential sweep is reversed, triggering an immediate
current discharge and subsequent establishment of a new current maximum of the opposite
polarity. The time in which the electrode responds to a change in potential sweep direction is
governed by the cell time constant, R,C,, defined as the shortest time in which an electrode
responds to a significant perturbation (e.g. change in potential sweep direction) (Bard and
Faulkner 2001). For transient experiments (such as in vivo monitoring) the cell time constant
must be small compared to the time scale of the measurement to obtain meaningful results.
The cell time constant can be assessed by observing the time required for the non faradaic
charging current to establish a new maxima (time of vertical transition) following the
reversal of the potential sweep direction. Figure 6b displays the average non faradaic
capacitive charging currents normalized to maximum current amplitude. The 5and 10 s
deposition duration electrodes reach a steady state current in a similar timescale as the bare
CFEs. 25, 50, and 100 s electrodes take increasingly more time to reach steady state current,
suggesting an increasingly slower cell time constant. The effect of PEDOT/GO coating
duration on the cell time constant was quantified by determining the r2 correlation
coefficient comparing normalized non faradaic capacitive charging current responses for
each electrode before and after PEDOT/GO coating. The average (+SEM) r2 correlation
coefficient values for the electrodes at each deposition duration are displayed in Figure 6d.
There is a trend toward greater deviation in cell time constant as the deposition time
increases. The average r2 correlation coefficient of the 50 and 100 s deposition electrodes are
significantly lower than each of the other groups (Bonferroni post hoc, p<0.05).

Determination of the Optimal PEDOT/GO Deposition Duration

Increasing the duration of PEDOT/GO deposition has competing effects on electrode
performance. The sensitivity of DA detection increases with deposition duration (Figure 4)
while the adsorption and electron transfer kinetics decrease (Figure 6). 5 and 10 s
PEDOT/GO deposition duration electrodes actually appear to increase the DA adsorption
rate by decreasing the average roll-over in normalized IT plots compared to bare CFEs
(Figure 6) but only display a moderate increase in sensitivity (5 s: 295 + 29%, 10 s: 532

+ 59%). The 50 and 100 s deposition duration electrodes show similarly large increases in
DA sensitivity (50 s: 1141 + 108, 100 s: 1106 + 116) but significantly slow electron transfer
and adsorption kinetics (Figure 6¢,d). The 25 s PEDOT/GO deposition duration electrodes
exhibit an 880 + 88% increase in sensitivity for DA without significantly altering the
electrode kinetics, making 25 seconds the optimal deposition duration to produce electrodes
capable of collecting high speed/high sensitivity DA measurements.

In Vivo DA Detection

25 s PEDOT/GO deposition duration CFEs were tested for in vivo DA detection. Figure 7
shows the average evoked DA overflow response in the dorsal striatum of six individual rats
in response to 3 s, 60 Hz MFB stimulations. These responses were confirmed to be DA in
origin through examination of background subtracted CV peak positions. The period of
MFB stimulation is denoted by the black bar below the response curves. Under these
condition, DA is only released during periods of MFB stimulation. The blue trace represents
the average response of n=3 bare CFEs and the red trace is the average of n=3 DA responses
collected at 25 s deposition duration PEDOT/GO electrodes. The maximum current
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amplitude of in vivo DA detection at 25 s PEDOT/GO electrodes is greater than 500% the
current recorded from bare CFEs. The 5 fold increase in sensitivity would enable detection
of previously unattainable small DA concentration fluctuations thus revealing finer details of
dopamine transmission.

4. Conclusions

Electrodeposited PEDOT/GO coating improves the sensitivity and decreases the LOD of the
CFE for DA. This signal enhancement is likely due to increased surface area and higher
affinity for the DAoQ oxidation product by the PEDOT/GO coating, which has been shown
to catalyze electron transfer between DA and the electrode surface (Bath et al. 2001; Bath et
al. 2000). Longer PEDOT/GO deposition durations produced coatings with slow adsorption
and electron transfer kinetics, resulting in sensors lacking the temporal resolution necessary
for real time in vivo measurement. CFEs subjected to 25 s PEDOT/GO electrodeposition
exhibit an 880 + 88% increase in DA sensitivity without significantly altering electrode
kinetics, producing electrodes capable of detecting DA in vivo at high speed and high
sensitivity. The development of PEDOT/GO coating for CFEs serves as a significant
advancement in the field of in vivo DA monitoring. Increasing DA sensitivity without
compromising electrode Kinetics can allow for better understanding of DA functionality
through the detailed analysis of DA transient function in real time. In addition,
electrodeposited PEDOT/GO coatings are highly tunable. Coatings can be tailored towards
any specific electroactive analyte or concentration range by varying deposition current, size
and oxidation state of GO, etc. Furthermore, by combining sensing with the drug release
capability of conducting polymer/GO composites (Weaver et al. 2014a), one may create a
close-loop system useful for neuroscience research or neural prosthesis applications.
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Highlights
. We developed a PEDOT/GO coated carbon fiber microelectrode for in
Vivo use.
. Electrodes exhibit 880% sensitivity increase for dopamine versus bare

carbon fiber.

PEDOT/GO electrodes successfully detected electrically stimulated dopamine in vivo.
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Figure 1.
Scanning electron microscopy images of a bare CFE (a), a 25 s PEDOT/GO coated CFE (b)

and a 100 s PEDOT/GO coated CFE (c). All three images display an 18,000X magnification
of the electrode surfaces. The scale bars represent 1 pm.
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Electrochemical impedance spectroscopy characterization of PEDOT/GO coated CFEs. ()
Average impedance measurements of (n=3 individual electrodes for each deposition
duration) over a 1-100,000 Hz sinusoidal current frequency range. (b) The average
impedance at 1 kHz sinusoidal current frequency is significantly altered by PEDOT/GO
deposition duration (* one-way ANOVA: F(4,14)=234, p<1e™9).
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100s
50s
25s
10s

®5s
® Bare

5 (n=5)

10 (n=5) 25 (n=12) 50 (n=5) 100 (n=5)
Deposition Time, s

PEDOT/GO increases the non faradaic current associated with a 400 V/s FSCV scan rate. ()
The average amplitude of the non faradaic current increases with the duration of
PEDOT/GO deposition. The grey arrows depict the potential waveform sweep direction. (b)
The average (+SEM) total non faradaic charging current amplitude significantly increases
with the duration of PEDOT/GO deposition (* two-way repeated measures ANOVA,
PEDOT/GO: F(1,27)=13496, p<1E~38, deposition time: F(4,27)=618, p<5E~25, interaction:
F(4,27)=2069, p<5E~33).
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Figure 4.

PEDOT/GO increases the faradaic current associated with the detection of DA using FSCV.
(a) The average faradaic current induced by a 10 uM DA challenge increases with the
duration of PEDOT/GO deposition. (b) Sensitivity for DA is determined as the slope of the
linear regression fit of the concentration versus current calibration plot. (¢) The average CFE
sensitivity for DA significantly increases with the duration of PEDOT/GO deposition (§ two-
way repeated measures ANOVA, PEDOT/GO: F(1,27)=2587, p<5E~28, deposition time:
F(4,27)=53.4, p<2E~12, interaction: F(4,27)=151, p<5E~18). Bonferroni post-hoc
comparison reveals that sensitivity significantly increases with each increase in deposition
time until the increase from 50 to 100 s (* p>0.05).
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Both bare and PEDOT/GO CFEs observe the signature DA CV (a) in response to a 10 uM
DA challenge, confirming the detection of DA. (b) The i ¢/ip 4 ratio is significantly altered

by the PEDOT/GO coating and duration (* two-way repeated measures ANOVA,
PEODT/GO: F(1,27)=3264, p<2E~29, duration: F(4,27)=135, p<5E~17, interaction:

F(4,27)=18.3, p<5E7"). (c) AEy, is significantly affected by the PEDOT/GO coating and
duration (8 two-way repeated measures ANOVA, PEODT/GO: F(1,27)=12.9, p<0.002,

duration: F(4,27)=128, p<5E~17, interaction: F(4,27)=134, p<5E~17).
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Figure 6.

Longer PEDOT/GO deposition durations slow electrode kinetics. (a) The average IT
responses normalized to maximum amplitude reveal that the vertical rise and fall time
associated with the introduction and removal of a 10 uM DA bolus increases with deposition
time. (b) The average non faradaic charging currents normalized to maximum amplitude also
reveal a lag in electron transfer kinetics correlating to PEDOT/GO deposition duration. The
extent to which the electrode kinetics are altered is assessed by r2 correlation coefficient
calculation comparing responses pre- and post PEDOT/GO deposition. PEDOT/GO
significantly alters the electrode kinetics of the IT plot (c) at 100 s and of the CV plot (d) at
50 and 100s, as measured by the average r2 correlation coefficients (* one-way ANOVA
Bonferroni post hoc, p<0.05).
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Figure 7.
PEDOT/GO increases the current of in vivo DA detection in the rat dorsal striatum elicited

by a 3's, 60Hz MFB stimulation train. The blue trace is the average evoked DA overflow
response of n=3 individual bare CFEs collected from three separate animals. The red trace is
the average response from n=3 individual 25 s deposition duration PEDOT/GO electrodes
collected from an addition three separate animals. The period of MFB stimulation is denoted
by the black bar.
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