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Abstract:  

Dopamine (DA) is a monoamine neurotransmitter involved in the modulation of various 

physiological brain functions, including learning, motivation, reward, and motor functions. The 

development of a high sensitivity real-time sensor for multi-site detection of DA with high spatial 

resolution has critical implications for both neuroscience and clinical communities to improve 

understanding and treatments of neurological and neuropsychiatric disorders. Here, we present 

high-surface area out-of-plane grown three-dimensional (3D) fuzzy graphene (3DFG) 

microelectrode arrays (MEAs) for highly selective, sensitive, and stable DA electrochemical 

sensing. 3DFG microelectrodes present a remarkable sensitivity to DA (2.87 ± 0.25 nA/nM, with 

LOD of 990±15 pM), the highest reported for nanocarbon MEAs using Fast Scan Cyclic 

Voltammetry (FSCV). The high surface area of 3DFG allows for miniaturization of electrode 

down to 2 x 2 µm2, without compromising the electrochemical performance. Moreover, 3DFG 

MEAs are electrochemically stable under 7.2 million scans of continuous FSCV cycling, present 

exceptional selectivity over the most common interferents in vitro with minimum fouling by 

electrochemical byproducts, and can discriminate DA and serotonin (5-HT) in response to the 

injection of their 50:50 mixture. These results highlight the potential of 3DFG MEAs as a 

promising platform for FSCV based multi-site detection of DA with high sensitivity, selectivity, 

and spatial resolution.  



1. Introduction 

Dopamine (DA) is a monoamine neurotransmitter involved in the modulation of various 

physiological brain functions, including learning, motivation, reward, and motor functions (Arias-

Carrión and Pöppel 2007; Schultz 2007; Wise 2004). Imbalance in the physiological concentration 

of DA is related to many neurological disorders, such as Parkinson’s disease, schizophrenia, and 

drug addiction (Ahlskog 2007; Brisch et al. 2014; Gründer and Cumming 2016; Höglinger et al. 

2004; Lotharius and Brundin 2002; Si and Song 2018; Volkow et al. 2011). It is well known that 

the DA release has region specificity, thus, the development of a high sensitivity real-time sensor 

for multi-site detection of DA with high spatial resolution has critical implications for both 

neuroscience and clinical communities to improve understanding and treatments of neurological 

and neuropsychiatric disorders. 

For the last 3 decades, carbon fiber electrodes (CFEs) under fast scan cyclic voltammetry (FSCV) 

have been considered the gold standard for in-vivo DA detection (Ou et al. 2019; Puthongkham 

and Venton 2020). When used in combination with behavioral and/or pharmacological paradigms, 

this technique has provided groundbreaking knowledge on the molecular mechanisms underlying 

particular aspects of goal-driven action and associative learning.(Howe et al. 2013; Phillips et al. 

2003; Roitman et al. 2004; Stouffer et al. 2015) However, FSCV measurements with CFEs are 

usually limited to one electrode site at a time, while the DA release dynamic is complex and differs 

in different brain regions or different loci of the same region (Owesson‐White et al. 2009; 

Puthongkham and Venton 2020), requiring high resolution multisite measurements in order to 

understand its spatial and temporal pattern. Additionally, selectivity of CFE for DA over other 

electrochemical species has been suboptimal. Furthermore CFEs are subjected to electrochemical 

fouling due to carbon degradation or electrochemical byproduct deposition when exposed to brain 



tissue, which results in diminished sensing capabilities over time (Harreither et al. 2016; Hensley 

et al. 2018; Mohebi et al. 2019; Puthongkham and Venton 2020). To develop in-vivo robust 

neurotransmitter sensing paradigms, including high spatial resolution sensing, multisite 

measurements, simultaneous detection of different neurotransmitters, and multimodality 

integration, these limitations must be resolved. 

In recent years, various strategies have been explored to overcome some of these limitations. For 

example, to enable multi-site high spatial resolution DA sensing, CFE arrays have been fabricated 

and successful DA detection has been demonstrate, both in acute and chronic studies (Schwerdt et 

al. 2017; Schwerdt et al. 2018). However, their fabrication process is semi-manual, which is a 

bottle-neck for batch-fabrication and scaled up production of high density electrodes with a 3D 

arrangement. On the other hand, to further improve their sensitivity, CFEs have been coated with 

different edge plane-rich, sp2-hybridized carbon nanomaterials, i.e. carbon nanotubes 

(CNTs)(Puthongkham and Venton 2020; Swamy and Venton 2007a), carbon nanohorns 

(CNHs),(Puthongkham et al. 2018) and graphene oxide nanosheets alone or as composite with 

conducting polymers (Taylor et al. 2017). Such hybrid electrodes demonstrate different degrees of 

improvements in sensitivity and detection limits along with enhanced antifouling 

properties.(Puthongkham and Venton 2020; Puthongkham et al. 2018) However, the stability of 

the coatings is a potential limitation towards chronic sensing of neurotransmitters.  

So far, only a handful of efforts have been documented in literature for batch-fabrication of carbon 

or nanocarbon-based microelectrode arrays (MEAs) using well-established microfabrication 

techniques. For example, 4-channel arrays of pyrolyzed glassy carbon (GC) on silicon substrate 

(Zachek et al. 2010), and polyimide substrates (Castagnola et al. 2018) were used for DA sensing. 

Despite their success in multisite in-vivo DA detection under FSCV (Zachek et al. 2010), and their 



superior DA sensitivity compared to CFEs (Zachek et al. 2010), GC exhibits a smooth surface 

topography with limited electrochemical surface area, rendering further miniaturization difficult 

(El Merhie et al. 2018; Goshi et al. 2018; Pancrazio et al. 2017; Vomero et al. 2017). Graphene-

based MEAs have been fabricated for simultaneous recordings of the electrophysiology and Ca2+ 

signaling in electrogenic cells (El Merhie et al. 2018; Liu et al. 2019; Lu et al. 2018; Rastogi et al. 

2018).However, they have not been widely investigated for FSCV detection in their basal planes 

configuration. The introduction of defects to graphene has been shown to enhance DA and 

serotonin (5-HT) adsorption and consequently increase detection sensitivity using FSCV,(Cao et 

al. 2019; Puthongkham and Venton 2020) making defect-rich graphene an attractive candidate for 

FSCV detection. 

Here, we present a high-surface area MEA platform composed of 3D fuzzy graphene (3DFG) for 

neurotransmitter detection. We synthesized 3DFG using a highly controlled catalyst-free bottom-

up scheme which enables tight control over the material’s structure. The tunability of the 3DFG 

flake density and size allows highly controlled electrochemical response.(Garg et al. 2017; San 

Roman et al. 2020) 3DFG’s enormous surface area allows miniaturization of the electrode 

footprint down to ca. 2 x 2 µm2, which can enable densely packed MEAs. We characterized the 

electrochemical performance and sensitivity to DA of 3DFG microelectrodes with different sizes 

(2 x 2 µm2 to 50 x 50 µm2 geometric area) and compared the performance with the current standard 

of CFEs. We then extensively tested the stability of the 3DFG microelectrodes with regard to their 

electrochemical and DA sensing capabilities under prolonged (7.2 million) FSCV cycling. 

Additionally, we tested 3DFG microelectrode DA selectivity, sensitivity, and resistance to the 

deposition of byproducts generated by electrochemical reactions in presence of contaminants (200 

μM ascorbic acid (AA), 10 μM uric acid (UA), 10 μM dihydroxyphenylacetic acid (DOPAC)) and 



100 nM DA under 1 million FSCV cycles. Finally, we demonstrated the capability of 3DFG to 

discriminate DA and serotonin (5-HT), with and without contaminants.  

2. Material and Methods 

2.1 3DFG Microelectrodes fabrication 

2.1.1 Outer contacts/interconnects patterning. A (100) Si substrate with a 600 nm wet thermal 

oxide (p-type, ≤0.005 Ω cm, Nova Electronic Materials Ltd., catalog no. CP02 11208-OX) was 

cleaned by sonication for 5 min. in acetone. It was rinsed in iso-propyl alcohol (IPA) and blow 

dried with N2. The cleaned Si/SiO2 substrate was treated with O2 plasma. Pt outer contacts and 

interconnects were patterned using photolithography technique. 300 nm LOR3A (MicroChem) 

was spin-coated at 4000 rpm for 40 s followed by baking at 190 °C for 5 min. 500 nm Shipley 

S1805 (MicroChem) was then spin-coated followed by baking at 115 °C for 5 min. The resists 

were patterned using a mask aligner (Karl Suss MA6) followed by development for 1 min in CD26 

developer (MicroChem). 5 nm Cr and 100 nm Pt were evaporated using e-beam evaporator (Kurt 

J. Lesker). Lift-off was performed in Remover PG (MicroChem) at 60 °C for 30 min, followed by 

acetone and IPA rinse. 

2.1.2 3D fuzzy graphene (3DFG) synthesis. 3DFG was synthesized through plasma-enhanced 

chemical vapor deposition (PECVD) process.(Garg et al. 2017) The synthesis process was carried 

out at 800 °C at a total pressure of 0.5 Torr for 90 min under 50 sccm of CH4 (5 % CH4 in Ar, 

Airgas). The temperature of the furnace was ramped up to 800 °C under 100 sccm of Ar (Matheson 

Gas). A 50 W inductively coupled plasma (ICP) was generated using a 13.56 MHz RF power 

supply (AG 0313 Generator and AIT-600 RF, power supply and auto tuner, respectively, T&C 

Power Conversion, Inc.).The plasma was turned off after the synthesis step and the 3DFG coated 

substrate was rapidly cooled to room temperature under the flow of 100 sccm Ar. 



2.1.3 3DFG microelectrodes patterning. 100 nm SiO2 film was deposited on 3DFG coated 

chips using PECVD (Trion Orion) at 375 °C, 60 W power, and 900 mTorr under 75 sccm SiH4 

and 70 sccm N2O. The SiO2 coated samples were baked at 95 °C for 5 min followed by an O2 

plasma treatment for 1 min at 100 W. Using standard photolithography techniques 100 nm Cr hard 

mask was patterned in the shape of the 50, 5 and 2 µm electrodes on the SiO2 layer. SiO2 from the 

regions not covered by the Cr hard-mask was etched off using reactive ion etching (RIE) (Plasma 

Therm 790 RIE) under 22.5 sccm CHF3 and 16 sccm O2 at 100 W power and 100 mTorr for 5 min. 

Post SiO2 etching, 3DFG from the non-electrode regions was also etched by RIE using 16 sccm 

O2 and 6 sccm Ar at 20 W power and 10 mTorr for 60 min. Post etching, Cr hard mask and the 

underlying SiO2 film were etched off using Cr etchant (Transene, 1020AC) and buffered oxide 

etchant (BOE, Transene), respectively. Finally, the Pt interconnects and the non-recording site of 

the 3DFG electrodes were passivated with 2 µm SU-8 (MicroChem, SU-8 2002).  

2.2 Carbon fiber microelectrode fabrication. CFEs were fabricated as previously described 

in (Castagnola et al. 2020; Taylor et al. 2019). Briefly, borosilicate capillaries (0.4 mm ID, 0.6 mm 

OD; A‐M systems Inc., Sequim, WA, USA), each containing a single carbon fiber (7μm diameter, 

T650; Cytec Carbon Fibers LLC., Piedmont, SC, USA), were pulled to a fine tip using a vertical 

puller (Narishige, Los Angeles, CA, USA). The tip was sealed with epoxy (Spurr Epoxy; 

Polysciences Inc., Warrington, PA, USA) and the exposed fiber was cut 400 μm from the glass 

seal using a scalpel under an optical microscope (Szx12, Olympus). A mercury drop was placed 

in the barrel for electrical contact to a hookup wire (Nichrome; Goodfellow, Oakdale, PA, USA). 

CFEs were soaked in isopropyl alcohol (Castagnola et al. 2020; Taylor et al. 2019) (Fisher 

Chemical, USA) for 20 minutes prior to use. 



2.3 Electrochemical Characterization. EIS were performed in PBS, applying a sine wave 

(10 mV RMS amplitude) onto the open circuit potential while varying the frequency from 1 to 105 

Hz. EIS was carried out using a potentiostat/galvanostat (Autolab, Metrohm, USA) connected to 

a three-electrode electrochemical cell with a platinum counter electrode and an Ag/AgCl reference 

electrode. During the CV tests, the working electrode potential was swept between 1 and −1 V (vs 

Ag/AgCl) with a scan rate of 100 mV/s. The charge storage capacity (CSC, mC/cm2) was 

calculated as CSC=(∫didt)/(geometric area) in an entire CV cycle. 

2.4 Scanning electron microscopy (SEM) characterization. SEM imaging was performed 

using a FEI Quanta 600 field emission gun (FEG) SEM. High-resolution images (2048 x 1768 

pixels) were acquired at accelerating voltages of 5-20 kV with a working distance of 5 mm.  

2.5 Raman spectroscopy characterization. Raman spectroscopy was performed using NT-

MDT NTEGRA Spectra with 532 nm excitation through a 100× objective. Raman spectra were 

acquired with 0.5 ND filter and an acquisition time of 30 s. Raman spectra was acquired from 30 

points across 3 independent MEA chips. 

2.6 Fast Scan Cyclic Voltammetry electrochemical detection. FSCV were performed with 

an EI 400 (Ensman Instruments; Bloomington, IN, USA), controlled by the CV Tar Heels 

LabVIEW program (CV Tar Heels v4.3, University of North Carolina, Chapel Hill, NC, USA). 

The headstage gain was set to 1 or 5 MΩ (depending by the electrode size). Data were analyzed 

using HDCV software (UNC Chapel Hill). The electrode was scanned from -0.5 to 1.3 V (vs 

Ag/AgCl) and back with a 400 V/s scan rate and a repetition rate of 10 Hz. DA detection was 

identified by inspection of background‐subtracted cyclic voltammograms. Electrodes were 

calibrated using freshly prepared nitrogen purged 1x phosphate buffered saline (PBS), with and 



without presence of interference. Electrode sensitivities were determined by the linear regression 

slope of the maximum faradaic current vs. DA concentration calibration plots.  

3DFG selectivity has been assessed toward 200 μM ascorbic acid (AA), 10 μM uric acid (UA), 

usually presented in the brain at several order of magnitude higher than DA(Yang et al. 2017), 10 μM 

dihydroxyphenylacetic acid (DOPAC), a DA metabolite, and 100 nM of DA, similar concentration 

than  the absolute basal DA level measured in the rat dorsal striatum in our previous study (82 ± 6 

nM).(Taylor et al. 2019)  

2.7 FSCV Stability tests 

The 3DFG and CFE microelectrodes were cycled under FSCV experiment for at least 200 h, 

corresponding to 7.2 million cycles at 10Hz, using a standard triangular waveform from -0.5 to 1.3 

V with 400V/s scan rate, at 10Hz in PBS. The electrode sensitivity to 1μM DA and the total 

background current of the microelectrodes were monitored after 0.9, 2.7, 3.6, 5.4 and 7.2 million 

FSCV cycles, corresponding to 25, 50, 75,100, 150 and 200 hours). The CSC was calculated as 

CSC=(∫didt) / (geometric area) in an entire CV cycle. 

2.8 FSCV Fouling characterization.  

The fouling test consists in continuous FSCV cycling (triangular waveform -0.5 to 1.3 V with 

400V/s scan rate, at 10Hz) of the 3DFG microelectrodes and CFEs for 24 h (corresponding to 1 

million FSCV scans) in 1x PBS containing 200 μM AA, 10 μM UA, 10 μM DOPAC, and 100 nM 

DA. The electrode sensitivity in response to a bolus injection of 1μM DA was monitored at 

different timepoints (0, 0.1, 0.4, 1 million FSCV cycling).  

2.9 Statistical analyses.  



Statistical analyses were conducted using Origin Pro 8.1 (OriginLab Corp, Northampton, MA, 

USA).  

One-way repeated measures ANOVA with Bonferroni post-tests was used to calculate 1) changes 

in the sensitivity of CFEs and 3DFG microelectrodes to DA at different time point (0, 0.9 million, 

2.7, 3.6, 5.4 and 7.2 million FSCV cycles) under prolonged FSCV cycling; 2) changes in charge 

storage capacity (CSC, mC/cm2) of CFEs and 3DFG microelectrodes to DA at different time point 

under continuous FSCV scanning; and 3) changes in the sensitivity of CFEs and 3DFG 

microelectrodes to DA at different time point (0, 0.1, 0.4, 1 million FSCV cycles) under prolonged 

FSCV cycling and in presence of interferents. Significance was determined at p<0.05.  



3. Results and Discussion  

3DFG was synthesized by plasma enhacned chemical vapor deposition (PECVD) onto Si/SiO2 

substrates (See Materials and Methods for additional details).(Garg et al. 2017) Using standard 

micro- and nano-fabrication techniques, synthesized 3DFG was patterned into functional 

microelectrodes with sizes varying from ca. 2 x 2 µm2 to 50 x 50 µm2 (Supplementary Figure 1 

and Supplementary Table 1; we note that misalginment during microfabrication of 3DFG led to 

slight deviation from the expected MEA dimensions) (Rastogi et al. 2020). The 3D topology of 

out-of-plane grown graphene flakes is well conserved after the MEA fabrication processes (Figure 

1.A). The presence of the characteristic D (ca. 1348 cm−1 ), G (ca. 1588 cm-1), and symmetric 2D 

(ca. 2690 cm-1) peaks in the Raman spectra confirm the presence of single-few-layer graphene 

flakes (Figure 1.B).(Ferrari and Basko 2013; Garg et al. 2017) The emergence of a strong D peak 

and the D’ peak (ca. 1615 cm−1), as a shoulder to the G peak, are attributed to the presence of 

3DFG edges,(Ferrari and Basko 2013; Garg et al. 2017; Torrisi et al. 2012) as evident in the SEM 

image in Figure 1A.  

We observe that the electrochemical impedance of the 3DFG MEAs decreases as the size of the 

MEA increases (Figure 1.C). The electrochemical impedance of 50 x 50 µm2 3DFG MEAs is 

approximately an order of magnitude less than that of a carbon fiber electrode (CFE) with an area 

of 8830 µm2, in particular in the low frequency range (Figure 1.C). This is attributed to the highly-

exposed surface area of the 3DFG MEAs.(Rastogi et al. 2020) Over the 10–105 Hz frequency 

domain, the 3DFG microelectrodes exhibit a near-resistive phase (approaching 0º) and an 

impedance modulus that is almost entirely solution resistance. At 100 Hz the impedance of the 50 

x 50 µm2 3DFG is 14-times lower (87.96 ± 5.97 kΩ versus 1.14 ± 0.16 MΩ) compared to the CFEs 



impedance, while the impedance of the 10 x 10 µm2 3DFG microelectrodes is in the same order 

of magnitude (2.34 ± 0.83 MΩ) of the impedance of CFE with a ca. 88-fold greater geometric area. 

Cyclic voltammetry in the presence of 1x PBS presents an approximately rectangular current 

response in the scanned potential window (Figure 1.D), suggesting predominantly double-layer 

capacitance governed response during the charging and discharging process (Cogan 2008; 

Nimbalkar et al. 2018), with only a small reversible faradaic reaction presenting oxidation at ca. 

0.2V and reduction at ca. 0 V. Furthermore 3DFG microelectrodes show a wider water window 

than CFEs, with no hydrolysis reactions occurring between -1V and 1 V,  while CFEs present a 

sharp increase of water reduction current starting at -0.5 V. Furthermore, 3DFG MEAs exhibit a15-

fold greater charge stroage capacity (CSC) of 15.84 ± 0.98 mC/cm2 compared to 1.05 ± 0.09 

mC/cm2 of CFEs (Figure 1.D and Supplementary Figure 2). The enhaced CSC of 3DFG MEAs is 

attributed to the exceptionally high surface area of the material.(Cogan 2008; Rastogi et al. 2020)  

These results highlight the potential of the 3DFG microelectrodes to be miniaturized without 

compromising the electrochemical performance, opening the possibility to fabricate high-density 

MEAs. 



 

Figure 1. 3DFG morphological and electrochemical characterization. (A) Zoomed-in scanning 

electron microscopy (SEM) image of a 3DFG MEA. Insets present SEM images of 3DFG MEAs 

of varying sizes. (B) Raman spectra of a 3DFG microelectrode. Inset presnts expanded view of the 

Raman spectra marked by the red dashed box. (C) Impedance and negative phase as a function of 

frequency (mean ± sd, n =5 electrodes per size) as measured for 50 x 50 µm2 3DFG (red), 10 x 10 

µm2 3DFG (blue), 2 x 2 µm2 3DFG (green) MEAs, and CFEs (black) in 1x PBS. (D) 

Representative cyclic voltammograms (of 50 x 50 µm2 3DFG (red), 10 x 10 µm2 3DFG (blue), 2 

x 2 µm2 3DFG (green) MEAs, and CFEs (black) acquired in 1x PBS at a scan rate of 100 mV/s. 



Inset presents the magnified view of the representative cyclic voltammograms of 10 x 10 µm2 

3DFG (blue), 2 x 2 µm2 3DFG (green) plots. 

DA is an electroactive compound capable of reversible oxidation to dopamine-o-quinone (DAoQ) 

upon application of a sufficient potential, following a two-electrons and 2 protons exchange 

(DA →  DAoQ ൅  2 eି ൅  2 Hା).(Bath et al. 2000; Taylor et al. 2019; Taylor et al. 2017) DA is 

typically detected with FSCV through a triangular waveform with a scan rate of 400 V/s applied 

repeatedly at 10 Hz. The FSCV for DA usually starts from an holding potential of −0.4 V (vs. 

Ag/AgCl), applied to the working electrode to selectively preconcentrate cationic DA on the 

electrode surface,(Bath et al. 2000; Kim et al. 2018; Venton and Cao 2020) to a switching potential 

of +1 /+1.3V and back to the holding potential to oxidize DA and reduce DAoQ.(Puthongkham 

and Venton 2020; Venton and Cao 2020) While a switching potential of 1.0 V is sufficient to 

observe the entire DA oxidation peak,(Baur et al. 1988) scanning to potentials greater than 1.0 V 

has shown to increase the DA sensitivity,(Heien et al. 2003; Puthongkham and Venton 2020) due 

to activation of the carbon surface caused by the breaking of carbon bonds and increased exposure 

of the edge plane sites.(Puthongkham and Venton 2020; Takmakov et al. 2010) However, 

potentials above 1.3 V can etch away the carbon surface, when scanned constantly for 

days.(Takmakov et al. 2010) Thus, the use of 1.3 V switching potential is a good compromise for 

activation of the surface, while avoiding electrolysis of water(Engstrom and Strasser 1984) which 

could lead to electrode degradation and unstable perforamnce.(Puthongkham and Venton 2020) 

The use of negative holding potentials has also shown to increase the DA sensitivity, as the 

electrode becomes more favorable for DA adsorption;(Heien et al. 2003; Puthongkham and Venton 

2020) however, below -0.5 V, oxygen reduction can occur at the CFE surface resulting in undesired 



radical byproducts.(Venton and Cao 2020) As previously mentioned, 3DFG microelectrodes 

present a wider water window that allows for the safe use of holding potential below -0.4 V.  

To evaluate the sensitivity of the 3DFG microelectrodes for DA detection in a range of 

concentration from 0.1 to 1 µM in PBS, we use a triangular waveform at a scan rate of 400 V/s 

and 10 Hz within a potential window of -0.5 V (to favor DA adsorption without incurring in oxygen 

reduction) to +1.3V (to activate the carbon surface while avoiding electrolysis of water). Figure 2 

presents the CV traces corresponding to the detection of 0.1, 0.25, 0.5 and 1 µM bolus of DA 

injection after subtracting the non-faradaic capacitive charging current, for 50 x 50 µm2 3DFG and 

(Figure 2.A) and 2 x 2 µm2 3DFG microelectrodes (Figure 2.B), respectively. The background 

subtracted CVs exhibit characteristic anodic DA oxidation and cathodic DAoQ reduction peaks, 

confirming the detection of DA.  



 

Figure 2. Dopamine sensitivity with 3DFG. Representative background subtracted FSCVs, for 

0.1, 0.25, 0.5 and 1 µM bolus of DA injection collected using (A) 50 x 50 µm2 3DFG 

microelectrodes, and (B) 2 x 2 µm2 3DFG microelectrodes. Calibration curves – 0.1-1.0 µM 

concentration range- of DA in PBS using (C) 50 x 50 µm2 3DFG microelectrodes and (D) 2 x 2 

µm2 3DFG microelectrodes. Inset: representative color plots for low DA concentrations:10 nM 

(C) and 100 nM (D), respectively. 

The separation of the cathodic and anodic peaks (𝛥𝐸௣) is smaller for the miniaturized 2 x 2 µm2 

3DFG electrodes (𝛥𝐸௣ = 0.604 ± 0.003 V) in comparison to the 50 x 50 µm2 3DFG (𝛥𝐸௣ = 0.892 

± 0.021 V), and CFEs (𝛥𝐸௣ = 0.77 ± 0.02 V) indicating faster electron transfer kinetics.(Taylor et 

al. 2017; Yang et al. 2017) This is likely due to the small size of the miniaturized electrode that 



allows for a more rapid response to changes in the applied potential.(Forster 1994, 2006) Smaller 

RC cell time constants and significantly reduced ohmic (iR) drop have been observed for 

miniaturized microelectrodes, making them very attractive for investigating high speed electron-

transfer reactions. 

3DFG microelectrodes sensitivity towards DA, based on the linear regression slope of maximum 

faradaic current versus DA concentration, is determined to be 2.87± 0.25 nA/nM (Mean ± SD, 

n=5) and 29.9 ± 1.6 nA/ μM (Mean ± SD, n=5), for 50 x 50 µm2 and 2 x 2 µm2 microelectrodes, 

respectively (Figure 2C and D). The sensitivity of 50 x 50 µm2 3DFG microelectrodes is 220-586 

fold greater than what has been reported in literature from CFEs (4.9±0.5 nA/µM,(Taylor et al. 

2017) and 13±2 nA/µM (Vreeland et al. 2015)), 62-110 fold greater than PEDOT/Nafion CFEs 

(Vreeland et al. 2015) and 54-205 times higher than PEDOT/GO CFEs (Taylor et al. 2017) (Table 

1). Since the sensitivity of CFEs can vary when using different FSCV waveforms, (Heien et al. 

2003; Taylor et al. 2017) to have a direct comparison, we compared the DA sensitivity of CFE and 

3DFG microelectrode using the same waveform (-0.5 to 1.3 V vs Ag/AgCl, 400 V/s) in the same 

DA concentration range (0.1 to 1 µM). 3DFG microelectrodes were found to be 33-fold more 

sensitive with respect to CFEs that exhibit approximately 4-times larger geometric area. 

Remarkably, the sensitivity of the 2 x 2 µm2 miniaturized electrodes is still comparable to the 

sensitivity of CFEs with 2200-fold greater geometric area. Compared to other high surface area 

carbon microelectrodes, the sensitivity of 3DFG towards 1 µM DA is ca. 6-10-fold greater than 

CNT arrays and ca. 3-5-fold greater than CNT yarns and CNT fibers (Table 1).  

The theoretical lower detection limit (LOD), defined as 3 times the standard deviation of the noise, 

(Harris 2010; Schmidt et al. 2013; Smith et al. 2018; Swamy and Venton 2007b; Taylor et al. 2017) 

was estimated to be 990 ± 15 pM (Mean ± SD, n = 5) for 50 x 50 µm2 3DFG microelectrodes, 



which is the lowest LOD value reported in literature using FSCV with carbon-based materials for 

DA detection (Table 1). For 2 x 2 µm2 3DFG microelectrodes the LOD is 3.6 ± 2.2 nM (Mean ± 

SD, n = 4), remaining one of the lowest reported LOD value using FSCV with carbon-based 

materials (Table 1). Based on visual evaluation of the color plots presented in Figures 2.C and D 

(insets), 10 and 100 nM of DA can be physically detected, using 50 x 50 µm2 and 2 x 2 µm2 3DFG 

microelectrodes, respectively. 

 
Table 1: DA sensing using CFE and nanocarbons (* denotes current study) 

Electrode Electrolyte Area LOD Sensitivity Sentitivity 
in 

interferent/
selectivity 

Technique Ref. 

GC MEA PBS 500 μm2 10nM 1.135E-9 
nA/nM  

1 mM AA,  

1.81E-10 
nA/nM  

FSCV (Nimbalkar 
et al. 2018)

Nanoporous 
CFEs 

PBS 7.46 ± 1.3 
μm 
diameter 

200 μm 
length  

35.6 nM 0.2377 
nA/μM in 
0-50 μM 

Separation 
of 50 μM 
DA in 
300μM AA 

SWV (Seven et 
al. 2020) 

PEDOT/GO 
coated CFEs 

aCSF 7 µm 
diameter, 

400 μm 
length 

0.1 μM 14-54 
nA/µM 

NA FSCV (Taylor et 
al. 2017) 

CFEs aCSF 7 µm 
diameter, 

400 μm 
length 

75 μm 
length 

0.218 μM

20±7 nM 

4.9 ± 0.5 
nA/µM 

13±2 
nA/µM 
 

NA FSCV (Taylor et 
al. 2017; 

Vreeland et 
al. 2015) 



PEDOT/ 
Nafion coated 
CFEs 

aCSF 7 µm 
diameter, 

75 μm 
length 

4 ± 1 nM 26 - 46 
nA/μM 
 

DA (1.0 
μM), 
DOPAC 
(20 μM), 
AA (200 
μM)  

FSCV (Vreeland 
et al. 2015)

CNT yarn 
microelectrod
es 
(CNTYMEs) 

PBS 10–25 μm 13 ± 2 
nM 

NA NA FSCV (Yang et al. 
2016b) 

CNT Grown 
on Metal 
Microelectrod
es and CFEs 

 

PBS Currents 
normalized 
for area 

CNT-Nb 
11±1 nM 

CNT-Ta 
91±27 
nM 

CNT-
CFE 46 
±10 nM 

CNT-Nb  

197 ± 16 
pA/ μm2 

CNT-Ta  

82 ± 10 pA/ 
μm2 

CNT-CFE 
100 ± 25 
pA/ μm2 

for 1µM 
DA 

AA, 
DOPAC, 5-
HT, 
adenosine 
and 
histamine 

FSCV (Yang et al. 
2016a) 

carbon 
nanospike-
modified 
microelectrod
es 

PBS Wires 

100 μm 
lenght 

25 μm dia 

Ta-CNS 

8 ± 2 nM 

Pd-CNS 

27 ± 2 
nM 

Nb-CNS 

12 ± 2 
nM 

Ni-CNS 

16 ± 3 
nM 

Linear from 
100 nM to 
100 μM 

UA, AA FSCV (Zestos et 
al. 2015) 

Carbon 
nanopipettes 
electrodes 
(CNPEs)  

PBS ∼250 nm 
diameter 
tips, and 
lengths 

25 ± 5 
nM 

linear 
response 
for DA in 

serotonin, 
and 
octopamine 

FSCV (Rees et al. 
2015) 



ranging 
from 5 to 
175 μm.  

0.1 to 10 
μM  range 

Carbon 
Nanohorn 
(CNH)modifi
ed CFME and  

ox‐
CNH/CFME 

 

PBS  

pH 7.4 

 7 μm 
diameter 

100 μm 
length 

15 and 6 
nM 

linear 
response 
for DA in 
0.05 to 5 
μM range 

1μM 
epinephrine
, 1μM 
norepinephr
ine, 1 μM 
5‐HT, 
200μM AA 

FSCV 

 

(Puthongkh
am et al. 

2018) 

3D-Printed 
carbon 
electrode and 
Carbon 
Nanoelectrod
es 

PBS diameter of 
65±4μm for 
the spheres 
and the 
hemisphere 
part of the 
cones; 

288±17nm 
tip size  

11±1 nM 
and 177 ± 
21 nM 

the DA 
current is 
linear with 
concentrati
on up to 10 
(micro 
electrode) 
μM and 50 
μM 
(nanoelectr
ode) 

1μM 
epinephrine
, 1μM 
norepinephr
ine, 1 μM 
5‐HT, 
200μM AA 

FSCV (Cao et al. 
2020; 

Puthongkha
m et al. 
2018) 

CA/CNT 
Fiber 

PBS 20 μm 
diameter 

 

NA 210 ± 31 

pA/μm2 

for 1µM 
DA 

UA, AA, 5-
HT 

FSCV (Yang et al. 
2017) 

PEI/CNT 
Fiber 

PBS 20 μm 
diameter 

 

NA 122 ± 23 

pA/μm2 

for 1µM 
DA 

UA, AA, 5-
HT 

FSCV (Yang et al. 
2017) 

CNT Yarn PBS 20 μm 
diameter 

 

NA 290 ± 65 

pA/μm2 

for 1µM 
DA 

UA, AA, 5-
HT 

FSCV (Yang et al. 
2017) 



3DFG 
microelectro
des 

PBS 2500 μm2 990±15 
pM  

2870 ± 
250  nA/ 
μM 

UA, AA, 
5-HT 

FSCV * 

3DFG 
miniaturized 
microelectro
des 

PBS 4 μm2 3.6±2.2 
nM 

29.9 ± 1.4 
nA/ μM 

UA, AA, 
5-HT 

FSCV * 

 

To evaluate the effect of a prolonged FSCV cycling on the electrochemical stability and DA 

sensitivity of 3DFG, we applied the FSCV waveform (-0.5 to 1.3 V vs. Ag/AgCl, scan rate: 400 

V/s) at 10 Hz on the 3DFG microelectrodes in 1x PBS for over 200 h, corresponding to 7.2 million 

cycles, and monitored the response to 1 µM bolus injections of DA at different time points 

(corresponding to 0.1, 0.9, 1.8, 2.7, 3.6, 5.4, 7.2 million). As a control, and to provide a direct 

comparison, the same experimental protocol was applied to bare CFEs. Over 7.2 million FSCV 

cycles, we observe an increase in CSC for 3DFG that became significant after 2.7 million FSCV 

scans (Figure 3.A and B). The generation of oxygen-functional groups at the carbon surfaces under 

constant electrochemical FSCV cycling with a switching potential higher than 1 V (i.e. 1.3 and 1.4 

V vs. Ag/AgCl) has shown to facilitate the formation of edge planes by creating strains in the 

lattice (Bowling et al. 1989) and it is influenced by the duration of the electrochemical cycling. We 

note that the G and 2D Raman peaks of the 3DFG electrodes upshift and downshift respectively 

after 7.2 million cycles (Supplementary Figure 3.C and Supplementary Table 2). Similar shifts, 

with opposite trends in the position shift of the G and 2D peaks have been observed for strained 

polycrystalline graphene structures with crystallite size smaller than the size of the Raman laser 

spot, as in the case of 3DFG.(Bissett et al. 2012; Bissett et al. 2014) This suggests the presence of 

increased strain in the 3DFG lattice, due to the edge plane oxygenation as a result of the strenuous 

FSCV cycling. For CFEs, we observed a significant decrease in CSC over time (Figure 3.C and 



D). The decrease in CSC became significant after the first 0.9 million FSCV cycles and the CSC 

stabilized from 2.7 to 7.2 million FSCV cycles (Figure 3.C). Continuous FSCV cycling has been 

found to clean the electrode surface from physiosorbed impurities and alters the structure of the 

surface until the maximum amount of defects is formed (Bowling et al. 1989; Cao et al. 2019; 

Engstrom and Strasser 1984; Poon et al. 1988), at which point the electrode surface will reach a 

stable state. This stable surface state is likely to be reached faster at CFEs than 3DFG 

microelectrodes, since CFEs present lower electrochemically-active surface area. The DA sensing 

performance of 3DFG MEAs and CFEs did not alter as a function of FSCV cycling, since no 

significant difference was observed in their respective sensitivities towards DA (Figure 4).  

The ratio of the peak oxidation current (anodic, ip,a) to the peak reduction current (cathodic, ip,c) 

for DA provides information about the equilibrium of absorption/desorption properties of DA and 

DAoQ and the reversibility of the reaction (Taylor et al. 2017; Venton and Cao 2020). We observe 

that the ip,c/ip,a ratio is 0.76 ± 0.09 and 0.40 ± 0.09 for 50 x 50 µm2 3DFG and CFEs, 

respectively(Cao et al. 2019; Puthongkham and Venton 2020). The increase in the cathodic DAoQ 

reduction peak indicates a tighter adsorption of the oxidized DAoQ towards 3DFG than CFE 

surfaces.(Bard and Faulkner 2001). This is similar to what was previously observed for CNT 

treated CFEs (Swamy and Venton 2007a), CNT fiber microelectrodes (Yang et al. 2017), and 

PEDOT/GO coated CFEs (Taylor et al. 2017), which share the similarity of high surface area due 

to the nanocarbon morphology. On CFEs, the oxidation product of DA, DAoQ, has few sites to 

bind to and can easily diffuse away from the smoother electrode surface when it desorbs, resulting 

in much lower cathodic current ip,c due to the low concentration of DAoQ.(Bath et al. 2000; 

Puthongkham and Venton 2020; Venton and Cao 2020). For 3DFG, DAoQ binding is enhanced 

due to the high surface area (Venton and Cao 2020; Yang et al. 2017) and DAoQ’s affinity to 



partially charged carbon atoms near the edge (McDermott and McCreery 1994; Taylor et al. 2017). 

Even if DAoQ desorbs, they may remain momentarily trapped in the three dimensional nanoporous 

morphology and ready to adsorb again quickly, resulting in higher ip,c. This preconcentration effect 

can also act on DA and enhance DA detection on the next scan. Indeed, the electron transfer 

kinetics for DA oxidation has been demonstrated to be catalyzed by the adsorption of quinone 

containing species, including DAoQ, onto the carbon electrode surface (DuVall and McCreery 

2000). This effect, combined with the greater exposed surface area, explains the enhancement in 

DA sensitivity (DuVall and McCreery 2000; Taylor et al. 2017). 

 

Figure 3. Electrochemical and DA sensing stability with 3DFG and CFEs. (A,B) 3DFG: (A) 

FSCV plots (not- background subtracted) of  50 x 50 µm2 3DFG microelectrodes at different time 

point (0, 0.9 million, 2.7, 3.6, 5.4 and 7.2 million FSCV cycles) (i.e. 0, 25, 75, 100, 150, 200 h) 

and (B) Column plot reporting the CSC at the different time points (average ± SEM, n=5 

repetitions). (Repeated measurements ANOVA, F(6,24)=16.64209, P=1.72052E-7 <0.05, 



Bonferroni post-test** significantly different). (C,D) CFEs: (C)  FSCV plots of CFE  

microelectrodes at different time point (0, 0.9 million, 2.7, 3.6, 5.4 and 7.2  million FSCV cycles) 

(i.e. 0, 25, 75, 100, 150, 200 h) and (D) Column plot reporting the CSC at the different time points 

(average ± SEM, n=5 repetitions). (Repeated measurements with ANOVA, F(6,24)=21.35523, 

P=1.57879E-8 <0.05, Bonferroni post-hoc test** significantly different). 

 

Figure 4. DA sensing stability with 3DFG and CFEs. (A,B) 3DFG: (A) Representative 

background subtracted CVs in response to 1µM bolus injections of DA at the time 0 and after 25, 

50, 75,100, 150 and 200 hours of  3DFG FSCV continuous scanning in PBS. (B) Column plot 

reporting the amplitude of the oxidation peaks collected in response to 1µM bolus injections of 

DA at time zero and after 0.9, 2.7, 3.6, 5.4 and 7.2 million FSCV cycles (corresponding to 25, 50, 

75,100, 150 and 200 h) of 3DFG FSCV continuous scanning in PBS. (Repeated measurements 

ANOVA, F(6,30)=2.07899, P= 0.08559>0.05, Bonferroni post-hoc test ns) (C, D) CFEs: (C) 



Representative background subtracted CVs in response to 1µM bolus injections of DA at the time 

0 and after 0.9, 2.7, 3.6, 5.4 and 7.2 million FSCV cycles of CFE FSCV continuous scanning in 

PBS. (D) Column plot reporting the amplitude of the oxidation peaks collected in response to 1µM 

bolus injections of DA at time zero and after 0.9, 2.7, 3.6, 5.4 and 7.2 million FSCV cycles (i.e. 

25, 50, 75,100, 150 and 200 h) of CFE FSCV continuous scanning in PBS. (Repeated 

measurements with ANOVA, F(6,36)=2.04792, P=0.08432>0.05, Bonferroni post-test ns). 

To assess the selectivity of the 3DFG microelectrodes towards the most common neurochemicals 

found throughout the complex brain environment, we characterized the DA sensing capabilities of 

the electrodes in presence of 200 μM ascorbic acid (AA), 10 μM uric acid (UA), 10 μM 

dihydroxyphenylacetic acid (DOPAC). The concentration of DA was kept constant at 100 nM 

since similar DA concentrations were measured in the rat’s dorsal striatum using square wave 

voltammetry (82 ± 6 nM) (Taylor et al. 2019) and multiple cyclic square wave voltammetry (120 

± 18 nM) (Oh et al. 2018); and in the nucleus accumbens of both mice and rats, using fast scan 

controlled adsorption voltammetry (90 ± 9 nM) (Atcherley et al. 2015) and convolution-based 

FSCV(41 ± 13 nM) (Johnson et al. 2018), respectively.  Our results show that 3DFG 

microelectrodes of 50 x 50 µm2 (Supplementary Figure 4.A-B), 2 x 2 µm2 (Supplementary Figure 

4. C), 10 x 10 µm2 (Supplementary Figure 4.D) geometric area can successfully detect DA in 

presence of interferents (Supplementary Figure 4 A-D). The sensitivity towards DA was well 

conserved compared to that observed for DA in 1x PBS, as observed by the background subtracted 

CVs of a 50 x 50 µm2 3DFG microelectrode in response to 1 µM bolus injections of DA in 1x PBS 

without and with interferents (Supplementary Figure 4.A), and from the DA calibration curves of 

10 x 10 µm2 3DFG microelectrodes in 1x PBS, without and with interferents (Supplementary 

Figure 4.D). CFE demonstrated similar performance under interferents (Supplementary Figure 4.E 



and F). However, when subjected to fouling test, 3DFG significantly outperform CFEs in 

preserving the DA sensitivity over time (Figure 5). The sensitivity to a bolus injection of 1 μM DA 

was monitored at different timepoints (0, 0.1, 0.4, and 1 million FSCV cycling). We observed that 

the amplitudes of DA oxidation peak did not change significantly using 3DFG microelectrodes 

over continuous cycling in presence of only DA (Supplementary Figure 5), and DA plus 

interferents (Figure 5.A and B) while were significantly diminished using CFEs (Figure 5.C and 

D).  

The antifouling properties of the 3DFG surface may be due to the presence of various defects at 

their edge and electrocatalytic-active functional groups,(Hanssen et al. 2016; McCreery 2008) 

similarly to what previously observed for other carbon nanomaterials, such as CNT (Hanssen et 

al. 2016; McCreery 2008; Swamy and Venton 2007a), CNHs (Puthongkham et al. 2018), and CNT 

yarn microelectrode (Yang et al. 2017), when using FSCV. During the continuous cycling, the 

edge planes undergo oxidation that induce the formation of surface oxygen-containing groups and 

new defect at the graphene edge plane, that can increase the surface hydrophilicity (Garg et al. 

2017) and reduce fouling (Hanssen et al. 2016; Puthongkham and Venton 2020; Yang et al. 2010). 

  



   

Figure 5. DA sensing stability and fouling properties with 3DFG and CFEs in presence of 

contaminant. (A, B) 3DFG: (A) Representative background subtracted CVs in response to 1µM 

bolus injections of DA at the time 0 and after 0.1, 0.4 and 1 million (corresponding to 3, 8, and 24 

hours) of 3DFG FSCV continuous scanning in PBS containing 100 nM DA and contaminants (200 

μM AA, 10 μM UA, 10 μM DOPAC). (B) Column plot reporting the amplitude of the oxidation 

peaks collected in response to 1µM bolus injections of DA at time zero and after 0.1, 0.4 and 0.9 

million of 3DFG FSCV continuous scanning in PBS containing 100 nM DA and contaminants 

(200 μM AA, 10 μM UA, 10 μM DOPAC), (Repeated measurements ANOVA, F(3,12)=0.05014, 

P=0.98443>0.05, Bonferroni post-test not stat different, n=3, 5 repetitions) (C, D) CFEs: (C) 

Representative background subtracted CVs in response to 1µM bolus injections of DA at the time 

0 and after 0.1, 0.4 and 0.9 million of CFE FSCV continuous scanning in PBS containing 100 nM 



DA and contaminants (200 μM AA, 10 μM UA, 10 μM DOPAC). (D) Column plot reporting the 

amplitude of the oxidation peaks collected in response to 1µM bolus injections of DA at time zero 

and after 0.1, 0.4 and 0.9 million of CFE FSCV continuous scanning in PBS containing 100 nM 

DA and contaminants (200 μM AA, 10 μM UA, 10 μM DOPAC). (Repeated measurements 

ANOVA, F(3,33)=9.16405, P=1.4835E-4<0.05, Bonferroni post-test ** stat different, n=3, 5 

repetitions). 

Finally, we investigated the selectivity of 3DFG in detection of DA over serotonin (5-HT). 5-HT 

is a cationic indolamine neurotransmitter, and like DA, can be electrochemically oxidized within 

the physiological pH solvent window (Wrona and Dryhurst 1990) with an oxidation reaction 

mechanism that involves a multi-step two-electron, two-proton transfer process (Jackson et al. 

1995; Patel et al. 2013; Verbiese-Genard et al. 1984).  

The detection of 5-HT using FSCV at CFEs is challenging since the by-products formed during 

the reaction, such as reactive carbocation intermediate and dimers, (Jackson et al. 1995; Patel et 

al. 2013; Wrona and Dryhurst 1990) are highly reactive and adsorb irreversibly on the electrode 

surface resulting in electrode fouling. This limitation has been partially solved by the use of 

optimized FSCV waveforms and/or electrode surface treatments (Swamy and Venton 2007a; Yang 

et al. 2017; Zestos et al. 2014). The Jackson waveform, (Hashemi et al. 2009; Jackson et al. 1995; 

Puthongkham and Venton 2020) a N-shaped waveform that holds the potential at +0.2 V to limit 

5-HT by-product adsorption and scans quickly at 1000 V/s to 1.0 V and switch down to −0.1 V, 

allows for the detection of the 5-HT reduction peak (Hashemi et al. 2009; Jackson et al. 1995; 

Puthongkham and Venton 2020), while accelerating the electrode response times and limiting the 

fouling. However, such N-shaped FSCV waveforms cannot be effectively used to detect DA since 

DA sensing requires a more negative holding potential to facilitate the cationic adsorption on the 



electrode surface and to detect the DA reduction peak (Swamy and Venton 2007a; Zestos et al. 

2014). On the other hand, different high surface area carbon materials(Swamy and Venton 2007a; 

Yang et al. 2017; Zestos et al. 2014), have been investigated and shown promising fouling 

resistance to 5-HT reaction byproduct (Mendoza et al. 2020; Swamy and Venton 2007a; Weese et 

al. 2019; Zestos et al. 2014), which has been mainly attributed to the presence of defect sites in 

high density (Mendoza et al. 2020; Zestos et al. 2014). 

There is a great interest in understanding the interplay between DA and 5-HT release in reward 

and learning (Balasubramani et al. 2015; Fischer and Ullsperger 2017) and in the progression of 

neurological disease, such as Parkinson’s disease (Boileau et al. 2008; Carta et al. 2008; Politis et 

al. 2012; Wong et al. 1995), schizophrenia (Kapur and Remington 1996; Niederkofler et al. 2015), 

and depression (Boileau et al. 2008; Dremencov et al. 2004; Zangen et al. 2001). However, to the 

best of our knowledge, few studies have reported simultaneous detection of DA and 5-HT via 

FSCV  (Swamy and Venton 2007a; Zestos et al. 2014; Zhou et al. 2005), using bare CFEs (Zhou 

et al. 2005), CNT coated CFEs (Swamy and Venton 2007a), or CNT fibers (Zestos et al. 2014). In 

all these cases, DA and 5-HT presented similar oxidation potentials (around 0.6 V) and the 

microelectrodes were only able to discriminate the reduction peaks of DA and 5-TH, at 200 mV , 

(Swamy and Venton 2007a; Zhou et al. 2005) and 400mV respectively (Zestos et al. 2014).  

We explored the ability of 3DFG electrodes to simultaneously detect DA and 5-HT using FSCV 

and we compared their performance (Figure 6 A, B) with bare CFEs (Figure 6 C, D). Using 3DFG 

microelectrodes, the 5-TH background subtracted CV plot shows two clear oxidation peaks, 

respectively at ca. 0.51 V and ca. 0.78 V and reduction peak at ca. 0.08 V (Figure 6.B black). Well 

separated reduction and oxidation peaks of DA and 5-HT in response to the injection of their 50:50 

mixture can be identified via color plots (Figure 6 A) and background subtracted CV plots (Figure 



6.B). 3DFG detected reduction peaks of DA and 5-HT at -0.22 V and 0.08 V, respectively; and the 

oxidation peak of 5-HT at 0.51 V, while the second 5-HT oxidation peak at 0.78 V converges with 

the DA oxidation peak, resulting in a 2-fold greater peak amplitude. In the case of CFEs, only the 

reduction peaks of DA (-0.18 V) and 5-HT (0.08V) can be distinguished, while the oxidation peaks 

converged into a single peak at ca. 0.6 V vs. Ag/AgCl (Figure 6.C and D), consistent with the 

results from previously reported studies (Zhou et al. 2005). The unique capability of 3DFG to 

distinguish the peak at 0.51 V (likely assigned to the intermediate step of the 5-HT oxidation 

reaction)(Wrona and Dryhurst 1987), is mainly attributable to its higher sensitivity afforded by the 

high surface area.  

Additionally, we demonstrated the 3DFG ability to simultaneously detect DA and 5-HT using 

FSCV in the presence of 200 μM AA, 10 μM UA, 10 μM DOPAC and 100 nM DA (Figure 6 E, 

F). Figure 6.G and H present the color plot and background-subtracted CVs showing reduction 

and oxidation peaks of DA, injected at 5 s, in the presence of interferents, and the simultaneous 

detection of DA and 5-HT after subsequent injection of 5-HT at 10 s, showing both oxidation and 

reduction 5-HT peaks. These results indicate that 3DFG microelectrodes can facilitate the co-

detection of DA and 5-HT and can be employed towards quantifying the concentrations of DA and 

5-HT simultaneously.  



 

Figure 6. DA and 5-HT simultaneous detection using 3DFG and CFEs. (A,B) 3DFG (A) A 

representative color plot showing clear separation peaks (reduction and oxidation) of DA and 5-

HT and (B) Background subtracted CVs showing reduction and oxidation peaks of dopamine 



(DA), serotonin (5-HT) and their simultaneous detection (50:50% DA and 5-HT) using a standard 

pyramidal FSCV waveform in which the applied voltage was ramped from the holding potential 

of −0.5 V to the switching potential of +1.3V and  then back to −0.5V at 400 V/s, at 10 Hz. 3DFG 

can discriminate both reduction and oxisation peaks. (C,D) CFEs. (A) Color plot for simultaneous 

DA and 5-HT detection showing showing clear separation only for the reduction peaks. (D) 

Background subtracted CV showing reduction and oxidation peaks of dopamine (DA), serotonin 

(5-HT) and their simultaneous detection using a standard pyramidal FSCV waveform in which the 

applied voltage was ramped from the holding potential of −0.5 V to the switching potential of 

+1.3V and then back to −0.5V at 400 V/s, at 10 Hz. (E, F) Representative color plot and 

background subtracted CVs showing reduction and oxidation peaks of dopamine (DA), serotonin 

(5-HT) and their simultaneous detection concentration in the presence of 200 μM AA, 10 μM UA, 

10 μM DOPAC; DA and 5-HT were injected in a 50:50% mixture and signals were measured 

using a standard pyramidal FSCV waveform in which the applied voltage was ramped from the 

holding potential of −0.5 V to the switching potential of +1.3V and then back to −0.5V at 400 V/s, 

at 10 Hz. 3DFG can discriminate both reduction and oxidation of DA and 5-HT in simultaneous 

detection also in presence of contaminants. (G, H) Color plot and background subtracted CVs 

showing reduction and oxidation peaks of dopamine (DA, Injected at 5 s), and their simultaneous 

detection concentration in the presence of contaminants after a subsequent injection of serotonin 

(5-HT) at 10 s. 



4.  Conclusions 

In this study, we present a high-density MEA platform, with 3DFG microelectrodes, synthetized 

using a catalyst-free process that enables high control over the materials structure. Using standard 

micro- and nano-fabrication techniques, the 3DFG can be pattenered into functional 

microelectrodes with sizes varying from 2 x 2 µm2 to 50 x 50 µm2. The EIS and CSC results 

highlight the ability of the 3DFG to provide acceptable electrochemical performance at ultrasmall 

size due to the material’s high surface area, opening the possibility to fabricate high-density 

subcellular sized microelectrode arrays. Raman spectroscopy comfirmes a defect-rich, graphene-

based nanostructure ideal for neurotransmitter detection (Puthongkham and Venton 2020; 

Puthongkham et al. 2018; Zestos et al. 2015). 

The sensitivity of 50 x 50 µm2 3DFG microelectrodes is up to 586-fold greater than that reported 

for CFEs and the highest for nanocarbon microelectrodes using FSCV. The LOD for DA sensing 

was calculated to be 990±15 pM, the lowest reported using FSCV for carbon-based materials for 

DA detection. The sensitivity of miniaturized 2 x 2 µm2 3DFG microelectrodes is comparable to 

the sensitivity of CFEs with 2200-folder larger geometric area and their LOD was determined to 

be 3.6 ± 2.2 nM, extremely low for microelectrodes of such dimensions. 3DFG microelectrodes 

are electrochemically stable under 7.2 million of continuous FSCV cycling, and present 

exceptional selectivity and fouling resistance to the deposition of byproducts generated by 

electrochemical reactions, significantly outperforming CFEs in preserving the DA sensitivity over 

24 h of continuous FSCV cycling (1 million FSCV scans) in 1x PBS containing 200 μM AA, 10 

μM UA, 10 μM DOPAC, and 100 nM DA. Furthermore, 3DFG can discriminate DA and 5-HT in 

response to the injection of their 50:50 mixture, in 1x PBS and in presence of 200 μM AA, 10 μM 



UA, 10 μM DOPAC and 100 nM DA; suggesting that 3DFG microelectrodes can be further 

investigated for the co-detection of DA and 5-HT. 

These results demonstrate that 3DFG microelectrodes present a breakthrough platform for DA 

sensing using FSCV with high sensitivity, selectivity, and spatial resolution. This study represents 

the first step, i.e. the sensor optimization, toward the multi-site neurotransmitter measurements for 

neuroscience studies. Future efforts will include (1) the design of the electronics with an 

appropriate circuit to allow for multiple-channel FSCV measurements, preventing cross-talks 

between adjacent microelectrodes, and (2) the implementation of a software platform for data 

acquisition, real-time visualization, and analysis of the large amount of FSCV data generated from 

high density microelectrode arrays. 
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