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ABSTRACT: Here, we have synthesized and characterized graphene-fiber
microelectrodes (GFME’s) for subsecond detection of neurochemicals
with fast-scan cyclic voltammetry (FSCV) for the first time. GFME’s
exhibited extraordinary properties including faster electron transfer
kinetics, significantly improved sensitivity, and ease of tunability that we
anticipate will have major impacts on neurochemical detection for years to
come. GF’s have been used in the literature for various applications;
however, scaling their size down to microelectrodes and implementing
them as neurochemical microsensors is significantly less developed. The
GF’s developed in this paper were on average 20−30 μm in diameter and
both graphene oxide (GO) and reduced graphene oxide (rGO) fibers were
characterized with FSCV. Neat GF’s were synthesized using a one-step
dimension-confined hydrothermal strategy. FSCV detection has tradition-
ally used carbon-fiber microelectrodes (CFME’s) and more recently carbon nanotube fiber electrodes; however, uniform
functionalization and direct control of the 3D surface structure of these materials remain limited. The expansion to GFME’s will
certainly open new avenues for fine-tuning the electrode surface for specific electrochemical detection. When comparing to
traditional CFME’s, our GFME’s exhibited significant increases in electron transfer, redox cycling, fouling resistance, higher
sensitivity, and frequency independent behavior which demonstrates their incredible utility as biological sensors.

■ INTRODUCTION
Here, we have synthesized and characterized graphene oxide
(GO) and reduced graphene oxide (rGO) microfibers as
microelectrodes for subsecond neurochemical detection. The
most popular electrode material for subsecond neurochemical
detection is the carbon-fiber microelectrode (CFME), often
coupled to fast-scan cyclic voltammetry (FSCV).1−3 FSCV is
an electroanalytical tool used for real-time detection of
electroactive neurotransmitters in the brain.1,4,5 CFME’s offer
several advantages, most notably their large potential window,
stability, and low limits of detection.1,3,6 Despite these
advantages, they remain extremely difficult to uniformly
manipulate chemically and structurally due to the inherent
heterogeneity of their surface. The ability to tune the carbon
surface is highly beneficial for rendering more sensitive surfaces
for specific analyte detection and for expanding our
fundamental understanding of how analytes interact at various
carbon surfaces.
Recently, FSCV has expanded to novel carbon nanomateri-

als including carbon nanotube (CNT) fibers,7−10 carbon
nanospikes,11−13 and carbon nanohorns,14,15 due to their
excellent electrochemical properties. Carbon nanomaterials
have offered significant advances in neurochemical detection
due to their high conductivity, large surface area, and
geometric crevices on the surface enabling local trapping of
neurochemicals on the surface.4,9,12,16−20 More specifically,

these carbon nanomaterials have broadened the analytical
toolbox available for rapid and sensitive electrochemical
detection in tissue. Despite the countless advances these
materials provide, very few researchers have adopted these
materials in their own laboratories due to inaccessibility to
expensive chemical reactors or collaboration with carbon
nanomaterial synthesis experts. In addition, purchasing carbon
nanotube fibers is much more expensive than carbon fibers.
Recently, researchers have demonstrated the importance of
considering the 3D structure of the electrode due to geometric
effects on electrochemical sensing.21 Precisely controlling the
3D macromolecular structure and porosity of the carbon lattice
remains challenging on carbon nanotube-based materials.
Developing carbon nanomaterials that are more accessible to
the broader scientific community while maintaining the
excellent electrochemical properties and are easily tunable in
their chemical and physical structure would significantly
improve electrode design for sensitive biomolecule detection.
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This paper describes the synthesis and characterization of GO
and rGO microfibers for subsecond neurochemical detection.
The fiber fabrication can be easily adopted in any research
laboratory, fibers have excellent electrochemical properties,
and possess a homogeneous surface ripe for chemical and
structural tunability.
Graphene is a two-dimensional (2D) material with excellent

electronic, mechanical, and thermal properties.22−25 Over the
last several years, application of graphene-based materials has
grown substantially.22,24,26−29 Graphene-based materials have
been incorporated onto existing electrode substrates to
enhance electrochemical detection and have provided unique
properties.19,30,31 Recently, the Gao group used wet-spinning
and ion cross-linking to fabricate ultrastrong graphene fibers.32

Several other researchers have synthesized graphene fibers
using wet-spinning, hydrothermal methods, as well as micro-
fluidic-assisted assembly.33−35 GF’s are flexible, lightweight,
and highly conductive.28 Using pure graphene-based fibers is
advantageous compared to modifying existing electrode
substrates with graphene materials because it enables precise
electrode−analyte interactions to be studied (without under-
lying interference from the substrate material). Despite these
advantages and to the best of our knowledge, expansion of
graphene-based fibers to subsecond electrochemical detection
of biomolecules for tissue applications is nonexistent.
A few researchers in FSCV have explored the use of

graphene-based material for electrochemical detection of
dopamine. In 2020, the Venton group electrodeposited GO
onto CFME’s surface to enhance detection of dopamine with
FSCV.19 They reported improvements in sensitivity and limits
of detection. More recently, the Cui group developed fuzzy
graphene microelectrode arrays which also significantly
improved detection limits for dopamine.30 Overall, these
findings suggest that graphene-based materials are beneficial
for electrochemical detection of neurochemicals and supports
the need to further develop pure graphene-based materials for
biomolecule detection. We have adopted and modified existing
hydrothermal methods for synthesizing GO and rGO fibers
that are on average 20−30 μm in diameter for neurochemical
detection. The microfibers presented here are sensitive, exhibit
fast electron transfer, enhanced redox cycling, resist chemical
fouling, and maintain frequency independent behavior,
similarly to CNT-based material.36,37

■ METHODS
Chemical/Reagents. All chemicals were purchased from

Fisher Scientific (USA) unless otherwise noted. A Tris buffer
(15 mM Tris, 1.25 mM NaH2PO4, 2.0 mM Na2SO4, 3.25 mM
KCl, 140 mM NaCl, 1.2 mM CaCl2 dehydrate, and 1.2 mM
MgCl2) at pH 7.4 was used in all flow injection analysis
experiments. Dopamine (DA), norepinephrine (NE), seroto-
nin (5-HT), adenosine (AD) and guanosine (GN) was
dissolved in a 0.1 M HCl solution to make 10 mM stock
solutions (Sigma-Aldrich, St. Louis, MO, USA), and the
solutions were stored at 4 °C. Stock solutions were diluted
daily in Tris buffer for experiments. Single-layer graphene
oxide dispersion in water (10 mg,mL, ACS material, Pasadena,
CA) and L-ascorbic acid 99% (Vitamin C) was purchased from
Sigma-Aldrich. All aqueous solutions were made from
deionized water (Milli-Q, Millipore, Billerica MA). Artificial
cerebrospinal fluid (aCSF) was used for all brain slice
experiments and consisted of 2.5 mM KCl, 1.2 mM
NaH2PO4, 2.4 mM CaCl2 dihydate, 1.2 mM MgCl2

hexahydrate, 126 mM NaCl, 11 mM D-glucose, 25 mM
sodium bicarbonate, and 0.4 mM ascorbic acid.

GO and rGO Microfiber Fabrication. A hydrothermal
method was used to synthesize GO and rGO microfibers. A
solution of 10 mg/mL GO dispersions in water with 1 w/w %
L-ascorbic acid was mixed together and injected into a glass
capillary tube (1 × 0.25 mm; A&M Systems, Inc., Seqium, WA,
USA). Air-dry expoxy (J-B Weld 50112 ClearWeld Quick-
Setting Epoxy Syringe - Clear) was used to seal the ends of the
glass capillaries. The glass capillary was placed in an oven set to
80 °C for 2 h to produce GO microfibers. To synthesize rGO
microfibers, the oven was set to 280 °C for 1 h because
between 200 and 300 °C, GO will reduce to rGO.28 To release
the fiber from the capillary, the epoxy was removed and the
tube was placed in isopropyl alcohol to easily extract the
microfibers.

Microelectrode Fabrication. Graphene fibers were used
to construct disk GO or rGO microelectrodes. Briefly,
graphene fibers were vacuum aspirated into a glass capillary
tube (1.2 × 0.68 mm, A&M Systems, Inc., Sequim WA, USA)
and pulled using a vertical Narishige PE-22 electrode puller
(Tokyo, Japan). Graphene fibers were cut near the glass seal
under a microscope (Fisher Education). Electrodes were sealed
with Epoxy Resin 828 with 14% (w/w) 1,3-phenylenediamine
(Sigma-Aldrich) in a 80−85 °C water bath and the electrodes
were washed in acetone for about 3 s to removing from excess
epoxy. The epoxied electrodes were cured at 100 °C overnight.
All electrodes were polished by a fine diamond abrasive plate
set to 45° to create a polished disk microelectrode. Electrodes
were soaked in isopropyl alcohol for at least 10 min prior to
use and backfilled with 1 M KCl.

Electrochemical Detection Methods. Fast-scan cyclic
voltammograms were collected using the WaveNeuro
potentiostat (Pine Instruments, Durham, NC, USA). Data
was collected using a National Instruments PCIe-6363
interface board (Austin, TX, USA) and HDCV software
(UNC-Chapel Hill, Mark Wightman). Cyclic voltammograms
(CVs) were background subtracted to remove nonfaradaic
currents. The electrode was scanned from −0.4 to 1.3 V (vs
Ag/AgCl) and back with a 400 V/s scan rate and a repetition
rate of 10 Hz. The electrode was equilibrated for 10 min prior
to testing, and the average current for each analyte was
recorded. Electrodes were tested using a home-built flow
injection analysis system using a six-port HPLC actuator
(Valco Instruments, Houston, TX, USA). A syringe pump
(Chemyx, Stafford, TX, USA) set to a flow rate of 1 mL min−1

was used to deliver buffer and sample to the electrode. All
experiments were performed at room temperature. Cyclic
voltammetry experiments were performed with a CHI 620
potentiostat (CH Instruments, Bee Cave, TX, USA). A three
electrodes system was used where the working electrode was
the disc graphene microfiber electrode: GO, and rGO
microelectrode. The reference electrode was a standard Ag/
AgCl electrode, and the counter electrode was a Pt wire.

Surface Characterization. The physical and chemical
properties of the graphene microfibers were assessed using
standard surface characterization techniques. To visualize and
qualitatively assess the electrode and individual fibers, scanning
electron microscopy (SEM) micrographs were collected using
an FEI XL30 SEM. Raman spectra of the fibers were collected
using a Renishaw InVia Raman microscope (Guocestershire,
UK) excited by a 633 nm Ar-ion laser at 10% power. X-ray
photoelectron spectroscopy (XPS, Axis HSi 165 Ultra by
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Kratos) was used to measure the chemical composition of the
surface. The X-ray source was operated at 12 kV and 10 mA
emission.
Endogenous Dopamine Detection in Brain Slices. All

animal procedures were conducted according to the National
Research Council’s The Guide for the Care and Use of
Laboratory Animals (“The Guide”) and followed guidelines
set by the Institutional Animal Care and Use Committee
(IACUC) at the University of Cincinnati. Male Sprague−
Dawley rats weighing 165−180 g (Charles River Laboratories,
Wilmington, MA, USA) were provided food and water ad
libitum and housed in a vivarium. Rats were anaesthetized with
isofluorane (Henry Shrein, Melville, NY, USA) prior to surgery
and euthanized via decapitation immediately before the
experiment. The brain was excised and chilled for 2 min in
ice-cold oxygenated (5% CO2, 95% O2) aCSF. The brain
hemispheres were separated by a scalpel and mounted on the
vibratome stage with superglue for slicing. Coronal slices of the
caudate putamen, 400 μm thick, were collected with a
VT1000S vibratome (Leica, Chicago, IL, USA) set to a
frequency of 3 and speed of 90. Slices recovered undisturbed in
oxygenated aCSF for 1 h before beginning experiments.
For the collection of dopamine transients, slices were

perfused in oxygenated aCSF at 2 mL min−1 with a Watson-
Marlow 205S peristaltic pump (Wilmington, MA, USA) at 37
°C in a controlled-temperature chamber (Holliston, MA,
USA). A carbon-fiber microelectrode was implanted approx-
imately 75 μm deep with a micromanipulator (Narishige,
Tokyo, Japan). The electrode was equilibrated for approx-
imately 10 min before data was recorded. Dopamine release
was recorded from the electrode. Endogenous signaling events
were successfully detected in four slices.
Statistics. All data were analyzed with GraphPad Prism V.

9.0 (GraphPad Software Inc., La Jolla, CA, USA). Statistical p-
values were significant at 95% confidence level (p < 0.05).
Values are reported as the mean ± standard error of the mean
(SEM), and n represents the number of electrodes or slices.

The XPS data were analyzed by peak fit in OriginLab 2019b
(OriginLab, Northampton, MA, USA).

■ RESULT AND DISCUSSION

Graphene-Based Microfiber Synthesis and Character-
ization. Graphene-based fibers were synthesized using a
modified hydrothermal strategy to produce approximately 20−
30 μm microfibers (Figure 1). The hydrothermal method is an
effective method to fabricate three-dimensional graphene
structures by using heat to promote increases in the π−π
interaction between the graphene sheets to help assemble
fibers.25,38 This method usually recommends temperatures of
more than 230 °C;26 however, Li et al. introduced the concept
of adding L-ascorbic acid to enhance interaction between GO
sheets, which enabled the use of only 80 °C to fabricate
graphene fibers.39,40 Here, we used a 10 mg/mL GO
dispersion mixed with 1 w/w % L-ascorbic acid and this
suspension was injected into a small glass capillary, sealed, and
placed in an over set to 80 °C for 2 h to create GO fibers
(Figure 1B). Higher temperatures were used to create rGO
fibers (Figure 1C). Fibers were removed from the glass
capillary and used to make disk microelectrodes (Figure S1).
Small voids across the fiber surface were observed in all
electrodes, which can result in slight variations in the absolute
surface area of each electrode. Despite this observation, batch
to batch fabrication was fairly reproducible as demonstrated by
the relatively low error in observed oxidative current across all
electrodes reported. The detailed surface characterization of
GO and rGO microelectrodes is presented in Figure 1A,
followed by a detailed electrochemical characterization using
both slow scan and fast-scan cyclic voltammetry.

Surface Characterization. X-ray Photoelectron Spec-
troscopy (XPS). Graphene fibers were analyzed with XPS to
quantitate the degree of oxygen functionality on the surface
before and after thermal reduction. Oxide functionality is
important for enhancing adsorption of neurochemical analytes
like catecholamines on the carbon surface for sensitive
detection. Ascorbic acid (AA) was used to facilitate

Figure 1. Hydrothermal method used to synthesize GO and rGO microfibers. (A) Schematic representation of the process. (B) SEM image of a
GO microfiber. (C) SEM image of a rGO microfiber.
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interactions between the GO sheets to assist in fiber assembly.
AA is a known reducing agent, and so comparisons of the XPS
spectra for GO without AA, GO with 1 w/w % AA, and rGO
with 1 w/w% AA were made to ensure that we could
technically label the fibers that were not thermally reduced,
“GO” (Figure 2). It is important to note that making fibers
without using a “binder” like AA is extremely difficult,

especially at this size scale and therefore was necessary to
produce robust, yet small microfibers. The overall XPS spectra
for each graphene-based material were superimposed, and the
results are plotted in Figure 2A for comparison. The two peaks
analyzed were C 1s and O 1s. On average, adding 1 w/w % AA
to the GO suspension did not significantly change the weight
percentage of C 1s and O 1s elements. The C/O for GO fibers

Figure 2. Oxygen content on GO fibers is significantly impacted by the thermal reduction but not by the addition of low weight percent ascorbic
acid. (A) XPS survey spectra of GO fibers synthesized without ascorbic acid (black), with 1 w/w % L-ascorbic acid (red), and thermally reduced
rGO fibers (blue). (B−G) Deconvoluted C 1s and O 1s peaks for GO (B,E), GO+1 w/w % ascorbic acid (C,F), and rGO (D,G).

Figure 3. rGO fibers have fewer defects than GO fibers. GO fibers have a higher degree of crystallinity compared to the rGO fibers. (A) ID/IG ratio
values for GO and rGO are significantly different (unpaired t test, p < 0.0001, n = 6). (B) ID″/IG ratio is significantly less for GO compared to rGO
fibers (unpaired t test, p < 0.001, n = 6). Peaks were further analyzed to reveal the abundance of D″ and D′ for both GO (C) and rGO (D).
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without AA is 2.32 and is 2.34 with the addition of AA. This
demonstrates that this low percent AA is not significantly
impacting the surface chemistry. In comparison, when we
added 10 w/w % AA, we observed a larger loss in oxygen
functionality on the surface (Figure S2). Because of these
results, we maintain that AA is necessary for helping increase
π−π interactions for forming robust fibers yet similar amounts
of oxygen are still present on the fiber surface when using low
weight percent AA. Because of this, we have chosen to label
fibers that were not thermally reduced as “GO fibers”. Curve
fitting at specific bonding energies was done to identify
individual functional groups (Figure S2B−G). The C 1s
graphitic peak centers at 284.6 eV (Figure 2B−D). In addition,
the CO peak is centered at 285.5−286.1 eV, the CO at
287 eV, and the OCO peak is at 289 eV (Figure 2B−D).
The O 1s peaks are centered at 531−531.4 eV (−CO),
532.1−533 eV (CO), and 534 eV (COH) (Figure 2E−
G). Analysis of these different functional groups reveals
significant differences between GO and rGO fibers. The
oxygen content on the rGO was only 15.1%, compared to
30.1% on the GO fiber. This demonstrates a reduction in
oxygen content by 2-fold after thermal reduction, providing
evidence that these two fibers (GO and rGO) are different
chemically.
Raman Spectroscopy. Raman spectroscopy is a common

experimental technique used to characterize sp2 and sp3 carbon
and to elucidate the structure of carbon-based materials.41−44

The Raman spectra of graphene fibers are different than typical
carbon fibers (Figure S3A). Both GO and rGO have a 2D band
(∼2700 cm−1), and this peak is not observed on traditional
PAN-based carbon fiber. The D (∼1350 cm−1) and 2D bands
demonstrate the presence of defects on the material, and
surface oxidation can affect these bands.43,45 The G band is
centered at ∼1580 cm−1 and represents graphitic carbon. The
bare carbon fiber’s D/G area under the curve ratio is 1.88 ±
0.14 (Figure S3B, n = 5), similar to prior reports.10,46,47 The
D/G area under the curve ratio decreased to 1.69 ± 0.06 for
GO and 1.68 ± 0.14 for rGO fibers (Figure S3B). The changes
in surface defects are not significantly different between the
bare carbon fiber and graphene-based material (One-way
ANOVA, Bonferroni post-test, p = 0.4765, n = 5). To further

analyze these peaks, we took the ratio of the intensity of the D
and G peaks (ID/IG). GO’s ID/IG is 1.98 ± 0.03, and rGO is
1.67 ± 0.004, and these ratios are significantly different (Figure
3A, unpaired t test, p < 0.0001, n = 6). This analysis of the D
and G peaks is much more common in the literature compared
to analyzing the area under the curve. This result demonstrates
differences in the level of defects on the GO and rGO surface.
To better understand the graphene-based material’s surface
structure, additional Raman peak analysis was performed to
identify surface defects.
The ratio of the intensity of the D band with the G band

(ID/IG) is commonly used to estimate the degree of defects on
carbon-based material; however, in graphene-based materials,
the G peak is the superposition of multiple peaks.44,48

Therefore, only analyzing the intensity ratio between the D
and the G peaks is unreliable. Claramunt et al.48 and King et
al.43 discovered that the G peak is a superposition of the G and
D′ peaks. According to this understanding, we used peak fitting
to analyze these peaks further (Figure 3C−D). We reveal the
presence of the following four reported bands in the region
between 1000 and 1800 cm−1: D, D″, G and D′. This result is
important for the analysis of the D−G band for GO and rGO.
The D′ band appears at ∼1635 cm−1 and D″ band at 1500−
1550 cm−1, and these two peaks provide information about the
oxygen content. The shift in the D″ position and the intensity
ratio of D″ and G can indicate oxygen content to estimate the
degree of graphene-oxide reduction.41,48,49 The ID″/IG ratio is
used to estimate the degree of crystallinity: the ratio increases
as the crystallinity decreases. Likewise, the crystallinity is
proportional to the degree of defects. The ID″/IG ratio for GO
fibers is 0.30 ± 0.01 and is significantly different than that of
rGO (0.40 ± 0.02, Figure 3B, unpaired t test, p < 0.001, n = 6).
This result indicates that the level of crystallinity of GO is
higher than that of rGO. Not only are the intensities
important, but a shift in the D″ peak can indicate changes in
the oxygen content: when oxygen content decreases, the peak
shifts from higher to lower wavenumbers.48 For GO fibers, the
D″ peak appears at ∼1525 cm−1 and it shifts to ∼1516 cm−1

for rGO fibers (Figure 3C,D). The Raman data directly
supports the XPS data, which suggests that oxygen content is
reduced at the rGO fibers. Overall, the comprehensive Raman

Figure 4. Graphene-based fibers have different electrochemical behavior with surface sensitive vs surface insensitive analytes with traditional cyclic
voltammetry. (A) Example CV profiles of equimolar 5 mM of K3[Fe(CN)6] dissolved in 1.0 M KCl solution at graphene oxide (GO) and reduced
graphene oxide (rGO) at a scan rate of 50 mV/s. (B) Example CV of Ru(NH3)6Cl3 in aqueous solution at a GO and rGO at a scan rate of 50 mV/
s.
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analysis provides further insight into the crystallinity, oxygen
content, and degree of defects on the GO and rGO microfiber
surfaces.
Electrochemical Characterization. Traditional cyclic vol-

tammetry along with outer- (Ru(NH3)6
3+/2+) and inner-sphere

(Fe(CN)6
3−/4) redox couples were used to characterize the

basic electrochemical performance of the GO and rGO
microelectrodes. The electron transfer kinetics for Ru-
(NH3)6

3+/2+ are primarily sensitive to the density of the
electronic states, and remains insensitive to the surface
chemistry.50 On the other hand, the Fe(CN)6

3−/4 redox
probe is sensitive to both surface chemistry and electronic
properties, as well as surface cleanliness.51 Figure 4 shows
cyclic voltametric i−E curves for 5 mM Ru(NH3)6

3+/2+ and
Fe(CN)6

3−/4− in 1 M KCl recorded at 50 mV/s at (A) GO and
(B) rGO microelectrodes. Well-defined, sigmoidal curves were
observed for both redox couples at the GO microelectrode.
Additionally, the oxidation and reduction peak currents
increased linearly with the square root of scan rate (not
shown), suggesting diffusion-controlled interactions. The peak
potential separation, ΔEp, at GO microelectrodes was 127.3 ±
5.7 and 135.1 ± 4.5 mV for Ru(NH3)6

3+/2+ and Fe(CN)6
3−/4,

respectively. However, the electrochemical performance of the
rGO microelectrodes showed significantly different behavior.
While the i−E curves for Ru(NH3)6

2+/3+ remained unchanged
in shape and the peak potential separation (ΔEp = 132 ± 4.2
mV), no distinguishable redox peaks for Fe(CN)6

3−/4− were
observed. This indicates that the chemical structure of the GO
and rGO fibers are different, and that Fe(CN)6

3−/4− detection
is dependent on the level of defects. Additionally, we speculate
that the observed contrast in the electrochemical performance
might be attributed to differences in structural disorder
between both GO and rGO fibers.
Fast-Scan Cyclic Voltammetry (FSCV). Fast-scan cyclic

voltammetry (FSCV) is an electroanalytical technique used to
study subsecond fluctuations of neurotransmitters in the brain.
We used the “traditional” dopamine waveform for these
studies, which starts at a holding potential of −0.4 V and ramps
to a switching potential of 1.3 V at a scan rate of 400 V/s.
Example data for 1 μM dopamine at both GO and rGO
microfibers is shown in Figure 5. Dopamine was chosen due to
its popularity with FSCV detection and predictable inter-
actions at carbon-based materials. Example false color plots for
both GO and rGO fibers demonstrate detection of dopamine
at graphene-based microfiber surfaces (Figure 5A,B). Example
dopamine cyclic voltammograms (CVs) for GO, rGO, and
bare carbon fibers demonstrate changes in the ΔEp and redox
cycling for dopamine (Figure 5C). On average, we observe
significantly faster electron transfer kinetics, as indicated by a
smaller ΔEp at both GO and rGO microfibers, compared to
bare carbon fibers (One-way ANOVA, p = 0.0064, n = 8−15,
Table 1). GO is significantly different compared to traditional
carbon fiber (One-way ANOVA, Bonferroni, p = 0.0053, n =
8−15). In addition to faster electron transfer kinetics, we
observe enhanced redox cycling at graphene-based surfaces. To
quantitate this, we calculated the ratio of the reduction current
to oxidation current for dopamine, Ir/Io (Table 1) for the GO,
rGO, and bare carbon fiber. A value closer to 1.0 indicates
100% reversibility. It is important to note that faster electron
transfer and enhanced redox cycling is observed at GO
compared to rGO fibers, likely due to the reduction in oxide
functionality at the surface which is known to be important for
dopamine adsorption and electrocatalytical behavior. Overall,

these findings indicate that graphene-based materials are
advantageous for dopamine detection and have superior
properties compared to traditional carbon-fiber electrodes.
The sensitivity and limit of detection for dopamine was

determined at both GO and rGO disk microelectrodes. On
average, the sensitivity for dopamine at GO microelectrodes
was 1.54 ± 0.5 nA/μM (n = 10) and 1.35 ± 0.4 nA/μM for
rGO (n = 7) when observing the slope of the concentration
curve ranging from 300 nM to 10 μM. The sensitivity at bare
disk carbon-fiber microelectrodes is only 0.41 ± 0.09 (Figure
S4, n = 5); however, it is important to note that disk CFME’s
are about half the size of disk GF microelectrodes, which
makes direct comparison of their sensitivities difficult.
Likewise, the limits of detection for dopamine at disk GO,
rGO, and CF microelectrodes are 61.1 ± 1.4 nM, 68.6 ± 2.3
nM, and 185.2 ± 10.4 nM, respectively. Lower concentrations
of DA can be detected at disk graphene-based microelectrodes
compared to CFME’s. This could be potentially useful in the
future because most in vivo studies are conducted at cylindrical
CFME’s due to the significant loss of sensitivity at disk
CFME’s. The ability to use disk microelectrodes in tissue
would significantly improve the spatial resolution of the
measurement.
Adsorption-limited interactions are maintained for dop-

amine at both GO and rGO microelectrodes. To determine the
interaction of 1 μM dopamine at GO and rGO surfaces, the
oxidative peak current was analyzed as a function of scan rates
ranging from 50 to 1000 V/s. The log of the oxidative current
vs the log of the scan rate helped identify the dominant
interaction at the electrode surface (Figure S5, n = 4−5). A
slope closer to 1.0 indicates an adsorption-controlled process
and a slope closer to 0.5 indicates a diffusion-limited process.52

It is well-established that dopamine is adsorption-limited at
carbon-fiber surfaces.1 Overall, we observe a slope of 0.9522
for GO, and a slope of 0.9030 for rGO indicating adsorption-
limited processes for dopamine at both surfaces.

Figure 5. Detection of dopamine at graphene-based microfibers with
FSCV. (A and B) Example false color plot for 1 μM DA at GO and
rGO fibers with FSCV. (C) Example CV for dopamine at traditional,
bare carbon fibers (black), GO fibers (red), and rGO fibers (blue)
demonstrating improvements in electron transfer and redox cycling.
(D) Current vs concentration curve for dopamine at GO (red) and
rGO (blue) fibers. Slope and R2 values are shown on the plot.
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Faster Temporal Resolution Capabilities at Graphene
Microelectrodes. Carbon nanomaterials including carbon
nanotube yarns and nanospikes have demonstrated “frequency
independent” behavior for catecholamines with FSCV.17,36

Typical waveforms for FSCV are applied at a 10 Hz frequency
providing its characteristic 100 ms temporal resolution.
Increasing the waveform application frequency leads to
decreases in the time between scans (holding time), which
ultimately leads to less time for preconcentration of dopamine
on the electrode surface causing decreases in sensitivity at
higher frequencies for traditional carbon fibers (Figure 6A
black and Figure 6D). The Venton group discovered that this
frequency dependent behavior does not exist at carbon
nanomaterial-based and cavity carbon nanopipette electro-
des.17,36 This has been hypothesized to be due to local
trapping of dopamine in the crevices on the carbon
nanomaterial surface. Here, we demonstrate that we observe
the same phenomena at graphene-based microelectrodes
(Figure 6). The oxidative current for dopamine was analyzed
and normalized to the current for 10 Hz. Frequencies ranging
from 10 to 100 Hz were tested. On average, the oxidative
current was reduced by 68.3 ± 6.7% at 100 Hz for traditional
carbon fibers; conversely, the oxidative current decreased only
14.1 ± 1.6% for GO and 33.1 ± 2.9% for rGO fibers. No
significant differences were observed at 100 Hz for GO and
rGO microfibers (One-way ANOVA, Bonferroni post-test, p =
0.1601, n = 10). The decrease in current at 100 Hz was

significantly different between carbon fiber and GO (One-way
ANOVA, Bonferroni post-test, p < 0.0001, n = 10) and rGO
(One-way ANOVA, Bonferroni post-test, p = 0.1225, n = 10).
Likewise, we demonstrate no major changes in the shape of the
current vs time trace at 10 and 100 Hz (Figure S6). A smaller
“decay current” was observed at higher frequencies, which
could indicate local trapping of dopamine on the surface
leading to slower desorption from the surface. This is an
exciting result and demonstrates that faster temporal
resolution, up to 10 ms temporal resolution, measurements
are likely for dopamine at graphene-fiber microelectrodes.
Future work could focus on controlling the 3D surface
structure of graphene fibers to investigate fundamental changes
in frequency dependent behavior.

Antifouling Behavior for Graphene-Based Micro-
fibers. Our lab and others have investigated the fouling-
resistant behavior of carbon-nanotube fibers.8,10,16,20,52 Sero-
tonin (5-HT) is an important neurotransmitter in the brain
and often detected with FSCV;6,8,53 however, serotonin is
known to polymerize and foul the electrode surface.6,54,55 The
use of carbon nanomaterial-based electrodes have enabled
improved stability of serotonin detection due to the incredible
fouling-resistant behavior of carbon nanomaterials. Here, we
compared the extent to which GO and rGO microelectrodes
resist serotonin fouling compared to traditional CFME’s
(Figure 7). To test the extent to which graphene-based
microelectrodes resist fouling, 1 μM serotonin and 1 μM

Table 1. Graphene-Based Materials Exhibit Superior Properties Compared to Traditional Carbon-Fiber Microelectrodes

material D/G ratio ΔEp,DA (V) Ir/Io sensitivity to DA (nA/μM) LODDA (nM)

GO fibers 1.69 ± 0.06 0.87 ± 0.01a 0.77 ± 0.04b 1.54 ± 0.50 61.1 ± 1.4b

rGO fibers 1.68 ± 0.14 0.91 ± 0.02 0.73 ± 0.04b 1.35 ± 0.40 68.6 ± 2.3b

carbon fibers 1.88 ± 0.14 0.96 ± 0.02 0.39 ± 0.01 0.41 ± 0.09 185.2 ± 10.4
ap < 0.01. bp < 0.0001 (One-way ANOVA, Bonferroni post-tests).

Figure 6. Faster frequency measurements are capable at GO and rGO fibers compared to bare carbon fibers. (A) Frequencies ranging from 10 to
100 Hz were tested. Current is normalized to 10 Hz and plotted as a function of frequency. Normalized current for bare carbon fiber is significantly
lower at 100 Hz than both GO and rGO (One-way ANOVA, Bonferroni post-test, p < 0.0001, n = 10). Example CV’s for dopamine at 10 and 100
Hz for GO (B), rGO (C), and bare CF (D) demonstrate the loss in signal at higher frequencies for traditional CFME’s.
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dopamine were repeatedly injected at the electrode surface,
and their oxidative current was monitored over time, similar to
previous reports.8,10,20 Low concentrations of dopamine do not
foul carbon fibers with FSCV and is therefore used as a control
(Figure 7, black symbols). On average, a loss of 52.3 ± 2.2% in
the serotonin signal was observed by the 25th injection for
CFME’s and only a loss of 2.8 ± 0.3% for dopamine (Figure
7C, n = 10). The normalized percent current for GO and rGO
for serotonin at the 25th injection was 103.2 ± 0.6% and 104.1
± 0.4%, respectively. The differences in normalized signal at
the 25th injection were not significantly different between the
GO and rGO (Figure 7A,B, One-way ANOVA, Bonferroni, p =
0.2743); however, the change in normalized current was
significantly different between bare CF’s and both GO (One-
way ANOVA, Bonferroni, p < 0.0001, n = 9) and rGO (One-
way ANOVA, Bonferroni, p < 0.0001, n = 8). Both GO and
rGO electrodes have lower surface defect sites compared to
bare CF, and based on prior studies from our lab,10 is likely
contributing to the improved antifouling behavior. Overall, this
result further supports the utility of these brand-new

microelectrode materials and provides direct evidence that
these materials can stably detect troublesome neurochemicals
like serotonin.

Detection of Other Important Electroactive Neuro-
chemicals with FSCV. Graphene-based electrodes are
excellent candidate materials for detection of other important
electroactive neurochemicals.56 In this study, we show that
graphene-based materials are also advantageous materials for
serotonin (5-HT), norepinephrine (NE), adenosine (AD), and
guanosine (GN) detection (Figure S7). It is important to note
that during fabrication, some pores on the graphene-fiber
surface are evident. Similar to prior work with CNT-based
fibers that demonstrate crevices/pores, we observed enhanced
catecholamine cyclization on some of the fibers tested.16,36,57

Cyclization is evident by observing an extra oxidation peak at
approximately 1.16 V, compared to the CV traditionally
observed at carbon-fiber microelectrodes (Figure S7E black
trace). An example of this observation is demonstrated for
norepinephrine detection at a rGO fiber (Figure S7E). Future
studies should consider optimizing the porosity of the fiber to
further study catecholamine cyclization and to test the extent
to which pores impact frequency independent behavior. In
addition to catecholamine detection, we observe excellent
detection of serotonin. Serotonin is historically difficult to
detect at bare carbon fibers due to fouling and low sensitivity
using the traditionally used “Jackson waveform” for serotonin
detection;8,58,59 however, we highlight here that high currents
are observed for serotonin detection at graphene-based
materials and the detection is stable (Figure 7), so modified
waveforms are unnecessary. An additional observation when
testing other neurochemical analytes is enhanced peaks for the
secondary and even tertiary reaction (for adenosine) for
purine-based neurochemicals (Figure S7C,D,G,H). Shifts in
the peak placement for purines are also observed compared to
traditional carbon fibers. On traditional carbon-fiber electro-
des, the secondary oxidation peak for purine nucleosides is
much smaller and the tertiary peak for adenosine is hardly ever
detected.60−62 We have previously observed enhanced
secondary and tertiary peaks for purines on metal nanoparticle
modified carbon surfaces; however, here we demonstrate that
improved electrocatalytic behavior is evident on graphene
fibers, eliminating the need to modify the surface with metal
nanoparticles.63

Dopamine Detection Ex Vivo with Graphene-Fiber
Microelectrodes. Endogenous dopamine was detected in the
caudate putamen using GO microelectrodes to demonstrate
proof-of-concept use for measurement in tissue. Transient
dopamine is commonly measured at carbon-fiber electrodes in
the striatum, and we have demonstrated transient dopamine
signaling in ex vivo preparations.64−67 Here, we monitored
spontaneous, endogenous dopamine release in the caudate
putamen as previously reported. Measurements were made for
at least 20 min per slice. Figure 8 demonstrates example data
(n = 4 slices in total tested). Slight shifts in peak potential are
commonly observed during tissue measurements and is
observed here.64,68,69 Interestingly, a near reversible behavior
is still observed in tissue with a Ir/Io of 0.81, similar to in vitro
data (Table 1). This data demonstrates that the GO electrodes
are sensitive to analytes in a tissue matrix and suitable for use
in biological settings.

Figure 7. Fouling resistant behavior is observed for GO and rGO
microfibers. 1 μM serotonin was repeatedly injected at the electrode
25×. The oxidative current for serotonin was normalized to the first
injection and plotted as a function of injection number for GO (A),
rGO (B), and bare carbon fiber (C). Significant loss in current is
observed for serotonin at the 25th injection for bare CF compared to
GO and rGO (One-way ANOVA, Bonferroni, GO compare with Bare
cabon fiber, p < 0.0001, n = 9; rGO compare with bare cabon fiber, p
< 0.0001, n = 8).
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■ CONCLUSIONS

Overall, we demonstrate significantly improved detection
capabilities using graphene microfibers for FSCV detection.
These fibers can be easily synthesized in any standard research
laboratory, which we anticipate will improve their accessibility
to researchers who are interested in using novel carbon-based
materials with excellent electrochemical properties. Impor-
tantly, the ability to fabricate both GO and rGO fibers enables
fine-tuning of the electrodes’ chemical properties that
consequently affects their electrochemical behavior and this
is dependent on the analyte of interest. This is particularly
crucial for any future studies focused on specific analytes,
beyond dopamine. We demonstrate here that changes in the
electrochemical behavior for dopamine is evident on GO vs
rGO fibers: namely, the electron transfer rate and redox cycling
behavior. We speculate that the oxide functionality is
contributing, in part, to these changes in electrochemical
behavior for dopamine; however, others have suggested that
disordered carbon is not a prerequisite for fast, reversible
kinetics under diffusion-limited conditions.70 Because dop-
amine is adsorption-limited at fast scan rates, our work
provides further evidence that under adsorption-limited
conditions, oxide functionality is important for improved
electrochemical performance. In addition to dopamine
voltammetry, we briefly show changes in the electrochemical
behavior for other important neurochemical analytes, repre-
senting many chemical “classes” including indolamines and
purines. Taken together, we provide a strong case for fine-
tuning electrode surfaces based on the analyte of interest. This
work also demonstrates that ultrasensitive detection at disk
microelectrodes is capable when using graphene-based fibers,
which will significantly improve the spatial resolution of
analysis in tissue in the future. Lastly, the frequency
independent behavior was evident for dopamine at graphene
microelectrodes, which expands their potential use for real-
time biological sensing, significantly improving FSCV’s
temporal resolution capabilities.
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