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Vitamin C-reduced graphene oxide
improves the performance and stability
of multimodal neural microelectrodes

Brendan B. Murphy,1,2,3,9 Nicholas V. Apollo,1,2,3,8,9 Placid Unegbu,1,2,3 Tessa Posey,4 Nancy Rodriguez-Perez,5

Quincy Hendricks,1,2 Francesca Cimino,1,2 Andrew G. Richardson,2,6 and Flavia Vitale1,2,3,7,10,*

SUMMARY

Nanocarbons are often employed as coatings for neural electrodes to enhance
surface area. However, processing and integrating them into microfabrication
flows requires complex and harmful chemical and heating conditions. This article
presents a safe, scalable, cost-effectivemethod to produce reduced graphene ox-
ide (rGO) coatings using vitamin C (VC) as the reducing agent. We spray coat
GO + VC mixtures onto target substrates, and then heat samples for 15 min at
150�C. The resulting rGO films have conductivities of �44 S cm�1, and are easily
integrated into an ad hoc microfabrication flow. The rGO/Au microelectrodes
show�8x lower impedance and�400x higher capacitance than bare Au, resulting
in significantly enhanced charge storage and injection capacity. We subsequently
use rGO/Au arrays to detect dopamine in vitro, and to map cortical activity intra-
operatively over rat whisker barrel cortex, demonstrating that conductive VC-
rGO coatings improve the performance and stability of multimodal microelec-
trodes for different applications.

INTRODUCTION

Our understanding of the circuitry underlying brain function and disease is largely informed by the ability to

record and modulate neural activity with high-fidelity electrodes. Typically, these are composed of inor-

ganic materials such as doped silicon (Si), platinum (Pt), gold (Au), and iridium oxide (IrOx), as they are

adequately conductive and biocompatible, electrochemically stable, and easy to pattern into a variety

of structures using standard lithographic techniques. However, resolving the spatial (10–100 mm) and tem-

poral (1–10 ms) scales governing cellular-level activity requires miniaturizing the electrode contacts (Kellis

et al., 2016). Microscale electrodes based on these materials typically exhibit high impedance (>1 MU) and

modest charge injection capacities, which degrade the signal-to-noise ratio (SNR) of recordings and limit

safe neuromodulation (Cogan, 2008; Ludwig et al., 2011; Boehler et al., 2020). Furthermore, monitoring the

dynamics of biochemical species is crucial to investigate mechanisms of neural function and disease, but

electrodes with limited surface area and appropriate surface chemistry suffer from low sensitivities and

sub-optimal detection limits above physiological levels (Roychaudhuri, 2015).

Common strategies to overcome these limitations are nanoscale roughening and coatings on the surface

of metallic or Si electrodes (Aregueta-Robles et al., 2014), which result in a higher effective surface area and

additional adsorption sites for analytic detection (Cogan, 2008). The overall effect is an increase in the elec-

trochemical double-layer capacitance, leading to impedance reduction and enhanced capacity to store

and safely deliver stimulation charge. Common materials used for electrode surface enhancements

include: titanium nitride (TiN) (Zhang et al., 2017; Khan et al., 2019), nanoscale carbons like carbon nano-

tubes (CNTs) (Keefer et al., 2008; Shoval et al., 2009) and nanodiamonds (Turcheniuk and Mochalin,

2017; Puthongkham and Venton, 2019), conductive polymers (CPs) such as polypyrrole (PPy) (Harris

et al., 2013) and poly(3,4-ethylenedioxythiophene) doped with polystyrene sulphonate (PEDOT:PSS) (Lud-

wig et al., 2011; Castagnola et al., 2015; Ganji et al., 2017a; Ganji et al., 2017b; Aqrawe et al., 2019), and

hybrids of these materials (Behler et al., 2009; Castagnola et al., 2009; Luo et al., 2011; Sriprachuabwong

et al., 2012; Kolarcik et al., 2014; Zhang et al., 2017). However, TiN is an extremely stiff ceramic that requires

high-temperature processing and specialized nitridation treatments to be effective (Zhang et al., 2017;

Feng et al., 2019). Nanocarbon coatings also require complex chemical modifications to promote adhesion
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to most electrode surfaces (Keefer et al., 2008; Kostarelos, Bianco and Prato, 2009; Aregueta-Robles et al.,

2014). Similarly, CPs are often electrochemically polymerized onto the target substrate, followed by addi-

tional post-processing to selectively coat only the exposed contact sites (Harris et al., 2013; Aregueta-Ro-

bles et al., 2014; Castagnola et al., 2015). Even if directly cast as thin films onto the target substrate—as is

possible with solution-processable materials, such as PEDOT:PSS (Khodagholy et al., 2015; Ganji et al.,

2017a; Ganji et al., 2017b)—many CP coatings still suffer from degradation, mechanical failure, and delam-

ination, due to multiple factors including poor adhesion (Green et al., 2012) and excessive thickness of the

coating layer (Cui and Zhou, 2007).

Reduced graphene oxide (rGO) is an attractive coating material for neural electrodes due to its predom-

inantly capacitive nature, electrochemical stability, ease of processing and tunability, and lower impedance

and higher charge delivery characteristics compared to metals and Si (Apollo et al., 2015; Wang et al., 2019;

Hejazi et al., 2020a, 2020b). In the context of electrode technologies, rGO, like many other hybrid carbon-

based nanomaterials (Laurila et al., 2017), has been primarily explored as a surface area enhancing material

for biochemical sensors (Robinson et al., 2008; Wang et al., 2009; Shao et al., 2010; Wang et al., 2014; Yang

et al., 2014; Ng et al., 2015; Fang et al., 2017), while only a few works have used rGO for neural recording and

stimulation (Apollo et al., 2015; Liu et al., 2015b; Dalrymple et al., 2019; Wang et al., 2019). For most bio-

sensing applications, rGO films have been produced by direct reduction of dry films of its hydrophilic pre-

cursor, graphene oxide (GO) (Alazmi et al., 2016). Many of these post-assembly reduction steps typically

involve exposure to hydrazine vapor (Gilje et al., 2007; Stankovich et al., 2007; Becerril et al., 2008; Eda

et al., 2008; Wallace et al., 2008) or high temperature annealing at temperatures T > 1,000�C (Chen

et al., 2016; Wang et al., 2018). However, these processes pose serious health and safety concerns

(Zhang et al., 2010; Ding et al., 2015), and may also be incompatible with other electrode components,

such as encapsulating polymers. For materials such as parylene-C, polyimide (PI), SU-8, and polyethylene

terephthalate (PET), the glass transition temperature (Tg) lies in the �120�C–300�C range (Yokota et al.,

2001; Harder et al., 2002; Lin et al., 2011; Chung and Park, 2013; Kahouli et al., 2014), which precludes

high temperature annealing. Furthermore, it has been shown that hydrazine causes long-term degradation

of a variety of polymeric films (Dine-Hart et al., 1971; Goel et al., 2009).

Alternative reduction methods consist of liquid-phase reduction via strong acids, such as hydrochloric

(Ning et al., 2014) and hydriodic (Lin et al., 2013) acids, or ammonia-rich mixtures (Wallace et al., 2008;

Pham et al., 2010). In these processes, GO and the reducing agent are mixed at moderate temperatures

(T > 60�C) for a few minutes, followed by vacuum filtration to form the rGO films (Wallace et al., 2008; Fer-

nandez-Merino et al., 2010). However, rGO solutions suffer from colloidal instability (Xu et al., 2014; Liu

et al., 2015a) and surfactants like N-methyl-2-pyrrolidone (NMP) or dimethylformamide (DMF) are typically

required (Park and Ruoff, 2009). Both NMP and DMF are cytotoxic (Salavagione et al., 2017), and although

Cyrene might be a more biocompatible alternative, its long-term stability and safety have not been fully

characterized (Salavagione et al., 2017; Pan et al., 2018). Furthermore, surfactants typically lower the elec-

tronic conductivity of the final rGO films (Fernández-Merino et al., 2012). Recently, L-ascorbic acid—a.k.a.

vitamin C (VC)—has been established as a viable, biocompatible, and safe GO reducing agent (Dua et al.,

2010; Zhang et al., 2010; Fernandez-Merino et al., 2010; Ding et al., 2015). In previous studies, VC-mediated

GO reduction was conducted in solution, and rGO films were subsequently processed from the reduced

suspensions by vacuum filtration. However, vacuum filtration results in large-area films (typically

90–120 mm in thickness), which are difficult to handle, transfer, and pattern, and which are prone to damage

during subsequent manufacturing steps. Thus, vacuum filtration is largely incompatible with standard mi-

crofabrication processes, and would particularly hinder scale-up of the process to reliably and repeatably

fabricate neural electrodes. An alternative, high-through, solutions-based method would therefore be

more desirable for realizing rGO-based coatings for neural technologies, as this could be easily integrated

into standard fabrication flows for microelectrodes.

In the present work, we propose a novel method to produce rGO coatings for neural microelectrode arrays

that is safe, high-throughput, compatible with common electrode materials, and easy to integrate into

standard microelectrode fabrication processes. Taking advantage of the slow reaction kinetics of VC as

a reducing agent at room temperature (Zhang et al., 2010; Fernandez-Merino et al., 2010; Abulizi et al.,

2014), we demonstrate the direct fabrication of rGO-coated neural microelectrode arrays, using GO +

VC mixtures spray cast onto bare Au contacts micropatterned on Si wafers. To maximize the electronic

and electrochemical properties of the coatings, we have optimized processing parameters such as VC
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concentration and heating time. We also demonstrate the fabrication and one-step coating process of

planar rGO/Au microelectrode arrays encapsulated in parylene-C for microelectrocorticography (mECoG)

recordings, cortical stimulation, and neurochemical sensing. In vitro characterization of the electrochemi-

cal properties of rGO/Au microelectrodes indicates that rGO coatings are stable and significantly enhance

the electrode surface area, leading to impedance reduction, as well as charge storage and charge injection

capacity increases compared to same-size Au electrodes and other coating materials from literature. The

enhanced surface area afforded by the rGO coatings also results in an increase in adsorption site count,

enabling the in vitro detection of the neurotransmitter dopamine (DA) with a high sensitivity and low detec-

tion limit. Finally, to demonstrate the feasibility of rGO/Au mECoG arrays for monitoring microscale neural

circuits at high resolution, we show high-density mapping of evoked cortical responses in rat somatosen-

sory cortex from whisker stimulation. Altogether, we demonstrate the potential of VC-reduced rGO coat-

ings as a unique strategy to improve standard electrode technologies, in order to advance future

multimodal neural interface applications.

RESULTS AND DISCUSSION

Optimization of the VC reduction method and rGO film characterization

An overview of the VC reduction process is illustrated in Figure 1. The reaction kinetics of VC in water is well

established to be of the first-order, and are thus exponentially proportional to the solution temperature

(Wang et al., 2017). This implies that VC solutions at room temperature may be used for many days without

concerns over material degradation or colloidal instability (De Silva et al., 2017; Wang et al., 2017). Further-

more, when VC is mixed with GO dispersions at room temperature, at least two days of continuous stirring

are required before complete reduction of the solution is achieved (Zhang et al., 2010; Abulizi et al., 2014;

De Silva et al., 2017). Altogether, this means that it is possible to mix GO and VC, and subsequently form

films by directly spray coating GO + VC mixtures onto the target substrate (Figure 1B). The resulting films

appear in the characteristic light brown color of GO when dried, and they can then be reduced at any sub-

sequent point in time through a simple heating step. Once the films are heated, they progressively become

darker, as a result of the reduction process (Figure 1C and Video S1).

We varied VC concentrations and heating time, and measured the sheet resistance of the resulting film

(Figures 2A and 2B). The sheet resistance shows dependence on VC concentration up to 50 mM, and on

heating time only up to 15 min at 150�C, beyond which no improvement is observed. Accordingly, at a

VC concentration of 50 mM and a heating time of 15 min at 150�C, the optimal sheet resistance of the

VC-rGO thin films is 981.50 G 125.96 U sq�1. From stylus profilometry, the average film thickness is

A B C

GO+VC
mixed solution

Preheating Reduction

Figure 1. VC-rGO thin film fabrication flow

(A) The substrate is preheated to 150�C for 5 min, followed by (B) spray coating of the GO + VC mixed solution.

(C) After an additional 15 min of baking at 150�C, the GO + VC films are reduced into conductive VC-rGO films. Bottom

panels show the reduction process on glass slides and parylene-C-encapsulated mECoG arrays pre-patterned in Au on a

Si wafer. The transition in color of the GO+ VC films from a light brown in panel (B), to a dark black in panel (C), is indicative

of GO reduction. Scale bars: 25 mm.
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236.17G 26.37 nm, yielding an average DC conductivity of 43.86G 4.08 S cm�1. This value is comparable to

previous rGO films from VC reduction in solution (Zhang et al., 2010; Fernandez-Merino et al., 2010), and is

also higher than some hydrazine-reduced films (Gilje et al., 2007; Wallace et al., 2008). Figure S1 and

Table S1 summarize the DC conductivity of rGO films obtained from different published reduction

methods (Domingues et al., 2013, Huang et al., 2011, Konios et al., 2015, Li et al., 2008).

AFM of the dried films before (Figure 2C) and after (Figure 2D) the optimized reduction reveals similar flake

sizes and distributions, demonstrating that the VC reduction method preserves the structure of the individual

graphene flakes. SEM images (Figure 2E) show that individual rGO sheets endow the film with a wrinkled and

folded morphology, which contributes to increasing the effective surface area. Finally, Raman spectroscopy

(Figure 2F) reveals clear distinctions between the lattice structures of the GO + VC and VC-rGO films. The

D band, which is related to the breathing modes of the six-atom carbon lattice, is especially sensitive to

edge defects and domain sizes (Stankovich et al., 2007), and thus, the ID/IG ratio is a useful measure for dis-

tinguishing between GO and rGO films (Kudin et al., 2008; Kaniyoor and Ramaprabhu, 2012; Ferrari and

Basko, 2013). Prior to reduction, overlapping graphitic flakes appear as defects in the Raman spectra, and

thus there is an initially pronounced D peak, resulting in an ID/IG ratio of 0.854 for the GO + VC films. Upon

exposure to heat, though, there is extensive reduction of the carbon lattice and removal of oxygen moieties

from the GO sheets, resulting in smaller sized domains in which sp2 vibrations may occur (Stankovich et al.,

2007). This, in turn, causes an increase in the intensity of the D band and in the ID/IG ratio (1.013) for the

VC-rGO films. Given the limited range of the Raman system (180–2,580 cm�1), the 2D and (D + D0) bands
do not appear in the spectra, although they are expected in the range of 2,600–3,000 cm�1. However, these

peaks show only minor changes in shape or location in response to the reduction step, as has been discussed

in previous reports (Kaniyoor and Ramaprabhu, 2012; Muhammad Hafiz et al., 2014).

In addition to the changes in the properties described above, GO + VC films also become more hydropho-

bic following reduction (Figure S2). For dry GO + VC films, the water contact angle is comparable to bare

glass (28.1� G 0.2� for GO+ VC vs. 22.9� G 1.7� for glass,N = 3 samples). After reduction, the contact angle

of the VC-rGO films nearly doubles (45.6� G 0.7�,N = 3), in agreement with previous studies (Xu et al., 2014;

Liu et al., 2015a). The increased hydrophobicity of VC-rGO may result in longer lifetimes for these films in

Figure 2. Optimization and characterization of the VC-rGO films

(A and B) Dependence of the dry VC-rGO film sheet resistance on (A) VC concentration and (B) heating time at 150�C (mean G std. dev., N = 3 samples).

(C and D) AFM of VC-rGO films made using 50 mM VC on glass (C) before and (D) after 15 min of baking at 150�C, showing flake morphology and film

roughness.

(E) SEM of a VC-rGO film on glass.

(F) Raman spectra of GO + VC and VC-rGO films on glass, showing the characteristic graphitic peaks in the D and G bands. The ID/IG ratio is also provided for

each film type.
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aqueous environments, such as might be found in living systems. Indeed, a few reports have already high-

lighted the advantages of hydrophobic carbon nanomaterial coatings to prevent moisture ingress from

causing delamination, corrosion, or other failures in both implantable (Zhao et al., 2016) and wearable

(Chun et al., 2019) biomedical designs. To further explore this potential benefit in our own work, we eval-

uated the shelf-life and electrolytic stability of VC-rGO films aged in (i) air, and (ii) 1X PBS at room temper-

ature, over 30 days. Conductivity measurements at the initial and final timepoints (Figure S3) reveal that

VC-rGO is highly stable against oxidative degradation in both environments, with the films retaining

(93.5G 0.8)% and (70.3G 3.7)% of their starting conductivity in air and in PBS, respectively (N = 3 samples).

This is a significant advantage over alternative coatings—such as PEDOT:PSS, for which conductivity has

been shown to decay exponentially with time (Stepien et al., 2017; Kee et al., 2019)—and could be espe-

cially advantageous for long-term implants in biological media.

Characterization of rGO/Au and Au mECoG properties in vitro

Optical microscopy of the microfabricated Au and rGO/Au mECoG arrays reveals the rougher surface to-

pology following deposition of the VC-rGO coating (Figures 3A and 3B). We observed for all devices

that the VC-rGO coating adhered well to the underlying Au layer, and in every instance appeared to be

a continuous coating at the exposed contact sites, as well.

The higher degree of surface roughness imparted by the VC-rGO coating results in a reduction of the over-

all electrode impedance across the 1–103 Hz frequency range (Figure 3C). In the higher frequency range

(i.e., >103 Hz), the Au and rGO/Au microelectrodes behave similarly, which is expected given that this re-

gion is dominated by the solution resistance (Rsol) and electrode geometric surface area, rather than byma-

terial properties (Franks et al., 2005; Boehler et al., 2020). At the reference frequency of 1 kHz, the average

impedance of the Au and rGO/Au electrodes are 177.00G 8.37 kU and 21.12G 18.29 kU, respectively. With

Figure 3. In vitro characterization of the rGO/Au mECoG arrays

(A and B) Optical microscopy images of (A) a bare Au and (B) an rGO/Au mECoG array. Insets show an individual channel from each array, including the

50 3 50 mm contact.

(C and D) Bode plots of the impedance (C) modulus and (D) phase for the Au and rGO/Au mECoG arrays. Points are means, shaded regions are std. dev.

(N = 3 devices, 48 individual channels total for each electrode type).

(E) Example cyclic voltammograms (CVs) for the Au and rGO/Au mECoG electrodes in the safe operating voltage window of Au (�0.6 V � +0.8 V) and in the

full water window of rGO (�1.4 V � +1.6 V). Scan rate, 200 mV s�1. Values of CSCc are included for each material.

(F) Voltage transients at the Au and rGO/Au mECoG arrays in response to 7.5 mA biphasic current pulses (duration, 650 ms; inter-pulse delay, 20 ms). Black

dashed lines denote the water window limits of the Au electrodes.
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such a lower impedance, it is expected that the thermal noise in the case of the rGO/Au microelectrodes

will be lower than for bare Au electrodes, suggesting an improvement in overall recording quality (Lempka

et al., 2011; Scalia et al., 2012). Fitting the impedance to an equivalent circuit model (Table S2 and Figure S4)

further reveals that the double-layer capacitance, Cdl, of the bare Au electrodes significantly increases by

�400x after rGO coating (Au: Cdl = 11.32G 0.76 mF cm�2 vs. rGO/Au: Cdl = 4.40G 1.20 mF cm�2, p < 0.05).

Such increase in Cdl can be ascribed to the higher effective surface area, but also to the intrinsically higher

capacitance of rGO compared to Au (Piela andWrona, 1995; Lee et al., 2013). The significantly lower values

of Rct observed for the rGO/Au electrodes (Au: 0.180 G 0. kU cm2 vs. rGO/Au: 0070.035 G 0.022 kU cm2,

p < 0.05) suggest that the VC reduction method sufficiently removes excess oxygen terminations from the

GO, further improving the charge-transfer characteristics at the VC-rGO layer (Yang and Gunasekaran,

2013).

The increased Cdl and enhanced electrochemical surface area of the VC-rGO coatings should also result in

a larger area voltammogram for the rGO/Au electrodes, which is indicative of the increased ability to

collect and store more charge at the electrode-electrolyte interface (Figures 3E and S5). Indeed, in the wa-

ter window of Au (�0.6 V � +0.8 V) (Ganji et al., 2017b), the CSCc of uncoated Au electrodes is 1.41 mC

cm�2, while for rGO/Au electrodes in the same potential window, the CSCc is 9.73 mC cm�2. However,

when extending the analysis to the full operating window of rGO (�1.4 V � +1.6 V), the CSCc of the

rGO/Au electrodes becomes 45.58 mC cm�2, indicating that the VC-rGO coatings considerably increase

the charge storage capabilities of bare Au contacts.

Given the greater charge storage capacity of the VC-rGO coatings, it may also be expected that the rGO-

coated electrodes should be capable of injecting more charge for stimulation studies compared to un-

coated electrodes. From CV, it is possible to calculate the total safe charge injection limit,Qinj, using Equa-

tion 1, which represents the total theoretical amount of charge that an electrode can inject, based on the

double-layer capacitance and water window limits of the material. The average Qinj of the Au electrodes is

0.016 mC cm�2, compared to 13.20 mC cm�2 for the rGO/Au mECoG arrays (Table S3). This �1000-fold in-

crease in the total safe injection limit is due to the higher Cdl of rGO compared to Au, but also follows from

the broader rGO potential window compared to most metals. In terms of Qinj, too, the VC-rGO coatings

reported here outperform many other standard neural electrode materials, such as IrOx and TiN (Weiland

and Humayun, 2014; Kang et al., 2016; Yamagiwa et al., 2015), and approach the higher limits of nanocar-

bon-based fiber microelectrodes (Apollo et al., 2015; Hejazi et al., 2020a, 2020b) (Table S3).

We have also characterized the electrode charge injection properties using stimulus waveforms more rele-

vant to neural stimulation experiments (Figure 3F). Figure S6 provides an overview of the components that

contribute to the polarization potential response in a typical voltage transient experiment (Ganji et al.,

2017b; Cisnal et al., 2018; Driscoll et al., 2021), while Figure S7 shows complete voltage transients and

CIC evaluation for the Au and rGO/Au mECoG electrodes. In response to 7.5 mA of input current, the

bare Au electrodes exceed their safe operating window, reaching polarization potentials greater

than G1 V depending on the current pulse polarity (Figure 3F). In contrast, the rGO/Au electrodes do

not exceed G0.5 V for the same levels of current injection (Figure 3F). Indeed, under the same biphasic

pulsing protocol, rGO/Au electrodes can be subjected to currents of up to 15 mA before they exceed their

operating window (Figures S7A and S7B). Furthermore, for the bare Au electrodes, the charge injection ca-

pacity is CIC = 0.36 G 0.02 mC cm�2, while for rGO/Au electrodes, CIC = 1.09 G 0.13 mC cm�2 (Table S3

and Figure S7C). The rGO/Au CIC values are comparable to PEDOT:PSS coatings on bare metallic elec-

trodes (Ganji et al., 2017a; Ganji et al., 2017b), as well as hybrid PEDOT:PSS/CNT coatings on Pt (Luo

et al., 2011).

Overall, the higher Cdl, Qinj, and CIC values, and lower impedance of the rGO/Au electrodes suggest that

less power would be consumed by the rGO/Au electrodes in order to maintain the same level of instanta-

neous electrode current during stimulation experiments (Kelly and Wyatt, 2011; Brunton et al., 2013). VC-

rGO coatings also improve the stability of the electrodes under repeated charge injection experiments

(Figure S7D). In these tests, we injected continuous biphasic stimulation pulses at 500 mC cm�2 phase�1

at a frequency of 130 Hz over 24 h, and monitored the impedance every 260,000 pulses (11 million

cycles total, 2,808C cm�2 phase�1 total charge injection). Such injected charge density exceeds the

safety limits for Pt-based cochlear implants set by the American National Standards Institute (ANSI,

216 mC cm�2 phase�1) (ANSI/AAMI, 2017; Dalrymple et al., 2019), thus representing a very rigorous test
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of the electrode coating stability. At the end of the study, the 1 kHz impedance of the bare Au electrodes

increased nearly 5x (113G 56 kU initial, 537G 284 kU post-injection), whereas continuous charge injection

had no effect on the rGO/Au electrodes (initial impedance: 52G 10 kU, post-injection impedance: 51G 16

kU). It may be that long-term exposure to such high charge density forced the Au electrodes to operate at

voltages outside their safe operating window, causing degradation over time, whereas the rGO-coated

electrodes were not driven outside of their much larger water window by the high charge density. The

long-term stability of the rGO/Au impedance further suggests that the VC-rGO coating adheres well to

the Au surface, and does not delaminate even under severe pulsing conditions. Furthermore, given the sta-

bility of the electrochemical impedance, it is likely that the other advantageous properties of the VC-rGO

coating, including its CSCC and CIC, remain largely unchanged, as well.

rGO/Au mECoG arrays for the detection of dopamine

Given the substantial body of literature exploring rGO-coated electrodes for biosensing (Wang et al., 2009;

Shao et al., 2010; Wang et al., 2014; Yang et al., 2014; Ng et al., 2015), we also investigated the performance

of rGO coatings for DA detection. Figure 4A shows clearly distinguishable oxidation and reduction peaks at

the rGO/Au mECoG array for concentrations of DA ([DA]) in the range of 1–100 mM. Note that there is a

skewing of the CVs, a drift in the oxidation/reduction peak location, and a change in the peak width de-

pending on [DA]. These phenomena are likely the result of an iR drop across the rGO/Au electrodes,

caused by both the non-zero spreading resistance of each separate DA solution, as well as the highly

capacitive nature of the VC-rGO coating itself (Pajkossy andMészáros, 2020). Nevertheless, following back-

ground subtraction, a calibration curve can be constructed, relating peak oxidation currents to [DA], and

showing a linear trend for [DA] < 50 mM (Figure 4B). Above this limit, the linear correlation breaks down

due to an increase in DA molecules adsorbed to the electrode surface, leading to a transition from an

adsorption-controlled to a diffusion-controlled regime (Venton and Cao, 2020). The fitting equation in

the linear range is ip = 0.029C + 1.044 (R2 = 0.9965), where ip is the peak oxidation current in mA, and C

is the concentration in mM. The slope of this fitting curve, m = 29 nA mM�1, is the sensitivity of the rGO/

Au microelectrodes, while the limit of detection (LOD) is 62.53 G 16.59 nM (calculated from Equation 2,

with a SD of the background signal from the scan in 1X PBS of sB = 0.60 G 0.16 nA). It is important to high-

light that the LOD here is purely theoretical; the lowest concentration experimentally resolved with the

rGO/Au devices was [DA] = 1 mM. Future work will be necessary to explore the experimental LOD of the

rGO/Au devices, and confirm that it agrees with the value determined theoretically.

Table S4 provides an overview of some comparable sensors, demonstrating that the rGO/Au electrodes

exhibit comparable or better sensitivity than modified glassy carbon electrodes (GCE) (Wang et al.,

2014; Thamilselvan et al., 2019), many carbon fiber electrodes (CFEs) (Davis et al., 2020; Hejazi et al.,

2020a, 2020b; Patel et al., 2020), and even modified CNTs (Palomäki et al., 2018). In contrast to sensitivity,

LODs differ greatly among the various electrode types, but importantly, the LOD of the rGO/Au electrodes

here is sufficiently low to support their use for the detection of DA at biologically relevant levels (1 nM–

20 mM) (Labib et al., 2016; Palomäki et al., 2018; Matt and Gaskill, 2020; Patel et al., 2020).

Figure 4. In vitro detection of dopamine and ferrocyanide with rGO/Au microelectrodes

(A) CVs at an rGO/Au mECoG in DA-PBS at varying [DA]. Scan rate, 4 V s�1.

(B) The peak oxidation current of the CVs in (A) vs. [DA]. The corresponding equation of best fit and R2 is included for the linear regime of 1 mM %

[DA] < 50 mM.

(C) CVs at an rGO/Au mECoG in 1X PBS and 10 mM Fe(CN)6. Scan rate, 50 mV s�1.
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By applying the Randles-Sevcik equation (Equation 3), it is also possible to estimate the effective electrochemical

surface area of the rGO/Au electrodes,AESA (Kang et al., 2012;Wang et al., 2014). For this analysis to hold true, it

is critical that the reaction considered be a case of reversible outer sphere electron transfer (Ngamchuea et al.,

2014; Muhammad et al., 2020), and so the Fe(CN)6 redox event was considered (Figure 4C). Accordingly, we use

the value of ipdetermined from theCV of Fe(CN)6 at a concentration of 10mM, aswell as the diffusion coefficient

DFe(CN)6= 7.633 10�6 cm2 s�1, which is standard from literature. Under these considerations, the calculatedAESA

of the rGO/Au electrodes is 0.0143 mm2, which corresponds to a �6x increase in surface area compared to the

geometric size of the contact (GSA= 0.0025mm2). This finding supports the hypothesis that the enhancement of

the electrochemistry at the rGO/Auelectrode interface compared touncoatedAuarises from the larger effective

surface area of the VC-rGO coating. This high area enhancement factor may also indicate that there are more

sites for molecules to adsorb to the rGO/Au surface, and since many biomolecules beyond DA—including se-

rotonin (5-HT), glucose, and hydrogen peroxide (H2O2)—must adsorb to the electrode surface before they can

be detected (Labib et al., 2016), this implies that the rGO/Au electrodes could be useful platforms for biochem-

ical sensing studies involving a wide variety of physiologically relevant species. It will also be important to

conduct interference studies in the future, so as to define the selectivity of the rGO/Au microelectrodes toward

different species with similar redox potentials (Wang et al., 2014; Yang et al., 2014; Zhang et al., 2017). Looking

toward long-term applications, as well, susceptibility to biofouling during DA or other molecule detection will

have to be explored (Hanssen et al., 2016),(Debiemme-Chouvy and Cachet, 2018).

In vivo recording experiments with the rGO/Au mECoG arrays

Finally, to demonstrate the utility of the rGO/Au mECoG arrays for in vivo electrophysiology, we conducted

a somatosensory evoked potential (SSEP) study in an adult rat (Figure 5). A single whisker was stimulated

mechanically with a piezoelectric capillary tube while recording neural activity with the mECoG array across

a roughly 7503 750 mm region of the cerebral cortex sensitive to input from this whisker. Evoked potentials

were averaged over 100 separate stimulation presentations, to provide a truly representative mean

response for each targeted whisker. Upon whisker stimulation, robust SSEPs (Zhu and Connors, 1999; Luh-

mann and Khazipov, 2018; Vilarchao et al., 2018) appear across the rGO/Au mECoG array (Figure 5A, left

panel). Control recordings subsequently repeated over the same area of cortex with the whisker removed

from the capillary tube confirm that the evoked waveforms are not artifacts caused by the whisker stimula-

tion system (Figure 5A, middle panel). Following subtraction of the noise from the SSEPs, we observe clean

stimulus-evoked neural activity for each channel of the rGO/Au mECoG array (Figure 5A, right panel), peak-

ing at �10–15 ms after whisker deflection. This response latency is in excellent agreement with previous

reports (Benison et al., 2007; Kheradpezhouh et al., 2017). Furthermore, high-density mapping with the

rGO/Au mECoG array evidence a clear spatial gradient in the SSEPs across the sampled area (Figure 5B),

with a maximum at the site of the cortical representation for the stimulated whisker (Figure 5C). The distri-

bution of evoked neural activity also clearly shifted in a manner consistent with the cortical representations

map when a different whisker was deflected (see Figure S8).

While the in vitro impedance of the rGO/Au arrays at 1 kHz is in the range of �20–80 kU, the in vivo imped-

ance of the array over vS1 increases to �50–500 kU (Figures S9A and S9B). The lack of correlation between

the SSEP amplitudes and the impedance distribution on the array, though, confirms that the spatial orga-

nization of the SSEPs reflects the vibrissal cortical whisker representations, and is not dependent on the

individual channel impedance (p = 0.876 for Stim Trial 1, p = 0.613 for Stim Trial 2, Figure S9C). A voltage

divider effect due to the 50–500 kU electrode impedances in series with the input impedance of the

recording system (nominally 16 MU at 1 kHz for the Intan RHS system) is expected to produce only about

a �2% difference in signal amplitudes across the array (Nelson et al., 2008). This finding, coupled with the

anatomically accurate mapping of SSEP distributions, highlights the advantage of a high-density, micro-

scale array for mapping cortical activity with high spatial resolution.

Conclusion

In this work, we have presented a novel method to enhance the recording, stimulation, and biochemical

detection properties of neural microelectrodes using reduced graphene oxide coatings. Specifically, we

have demonstrated a novel approach for realizing rGO films that leverages the advantageous kinetics of

vitamin C to complete the reduction process in a safer, fully biocompatible, non-destructive, and highly

scalable fashion. The VC reduction process is specifically optimized for compatibility with the soft,

conformable, polymeric substrates that are commonly used in implantable medical devices. We have

also designed the rGO processing and film deposition method for easy integration into microfabrication
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process flows for producing neural microelectrodes. The VC-rGO coatings demonstrated in this work are

sufficiently conductive, highly stable, and have significantly improved electrochemical properties over bare

metallic electrodes, with values exceeding even PEDOT:PSS and CNT coatings.

The stability of the rGO-coated electrode impedance under continuous charge injection, coupled with the sta-

bility of the VC-rGO DC conductivity over time in both air and electrolytic environments, suggests that the VC-

rGO films are highly versatile and potentially stable for long-term applications. These findings, along with the

excellent charge storage and charge-transfer characteristics, suggest that rGO-coated electrodes are excellent

candidates for chronic recording and stimulation studies in vivo, although further investigation is required. We

have already demonstrated high-density cortical recordings of stimulus-evoked potentials in a rat model, which

evidence the ability of this technology to map spatial gradients of neural activity on the microscale. Future work

may seek to complete simultaneous recording and stimulation experiments in vivo under a similar experimental

setup, wherein the rGO/Au arrays may be used not only for recording electrophysiology but also for direct elec-

trical stimulation of neural tissue. We also demonstrated the in vitro detection of dopamine using the rGO/Au

mECoG arrays with sensitivity of 29 nA mM�1 and a limit of detection of 63 nM. These values are comparable to

standard electrode technologies used for in vivo biochemical studies, such as carbon fiber electrodes, and

thusmayenable futuremultimodalexperiments involvinganalytical sensingofbiologically relevant chemical spe-

cies alongside recording and stimulation.

Overall, our novel method of producing rGO coatings relies on the safe and efficient chemical reduction

properties of VC. In addition to addressing the safety and polymer compatibility concerns posed by other

chemical and thermal reduction processes, the VC reduction method is a biocompatible, readily scalable,

Figure 5. In vivo recording with an rGO/Au mECoG array

(A) Left: total evoked potential, middle: noise, right: resulting evoked neural response recorded across an rGO/Au mECoG

array. Time on the x axis is relative to onset of mechanical stimulation of a contralateral whisker. Each trace is the mean of

100 evoked responses on each channel, after excluding the 10% largest and 10% smallest responses.

(B) Map of the evoked neural responses on the rGO/Au mECoG array. The colormap represents peak amplitudes of the

evoked responses, and overlaid traces show the mean stimulus-evoked response recorded at each channel.

(C) Top: approximate location of the stimulated whisker, highlighted in blue. Bottom: estimated location of the rGO/Au

mECoG array relative to the whisker representations in barrel cortex, with the representation corresponding to the

stimulated whisker highlighted in blue.
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cost-effective procedure to realize rGO films for applications in bioelectronics. Furthermore, the resulting

rGO films may serve as an improvement over other complex, time-consuming surface enhancement tech-

niques, resulting in electrode coatings that significantly improve the recording, stimulating, and biochem-

ical sensing properties of electrode interfaces for the nervous system.

Limitations of the study

In this work, we show a scalable and safe process to fabricate rGO-coated neural microelectrodes and

demonstrate the feasibility of high-resolution neural recordings in vivo, alongside very promising charge

delivery and dopamine (DA) sensing performance in vitro. Further experiments are needed to characterize

stimulation performance and sensitivity for neurochemical sensing in vivo. The recording studies in this

report were also conducted acutely, so future work ought to explore the chronic stability of these arrays

in vivo, especially in light of the excellent in vitro stability results we discuss. In terms of biosensing, suscep-

tibility of VC-rGO coatings to biofouling, as well as specificity in physiological conditions with multiple

interfering chemical species, remain important aspects to be further explored. Additional work will also

elucidate the ability of VC-rGO to detect other biologically relevant neurotransmitters and analytes beyond

DA, such as serotonin, acetylcholine, and uric acid.
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(2015). NeuroGrid: recording action potentials

ll
OPEN ACCESS

12 iScience 25, 104652, July 15, 2022

iScience
Article

https://doi.org/10.1126/scitranslmed.abf8629
https://doi.org/10.1126/scitranslmed.abf8629
https://doi.org/10.1002/anie.200905089
https://doi.org/10.1038/nnano.2008.83
https://doi.org/10.1038/nnano.2008.83
https://doi.org/10.1021/acs.jchemed.7b00361
https://doi.org/10.1021/acs.jchemed.7b00361
https://doi.org/10.1149/2.0241905jes
https://doi.org/10.1149/2.0241905jes
https://doi.org/10.1016/j.apsusc.2017.03.257
https://doi.org/10.1016/j.apsusc.2017.03.257
https://doi.org/10.1016/j.snb.2019.126872
https://doi.org/10.1016/j.snb.2019.126872
https://doi.org/10.1021/jp100603h
https://doi.org/10.1021/jp100603h
https://doi.org/10.1016/j.carbon.2011.10.039
https://doi.org/10.1016/j.carbon.2011.10.039
https://doi.org/10.1038/NNANO.2013.46
https://doi.org/10.1038/NNANO.2013.46
https://doi.org/10.1109/TBME.2005.847523
https://doi.org/10.1109/TBME.2005.847523
https://doi.org/10.1002/adfm.201703018
https://doi.org/10.1002/adfm.201703018
https://doi.org/10.1002/adfm.201703019
https://doi.org/10.1002/adfm.201703019
https://doi.org/10.1021/nl0717715
https://doi.org/10.1021/cm900987f
https://doi.org/10.1016/j.biomaterials.2012.05.017
https://doi.org/10.1016/j.biomaterials.2012.05.017
https://doi.org/10.1515/revac-2015-0008
https://doi.org/10.1515/revac-2015-0008
https://doi.org/10.1109/MEMSYS.2002.984296
https://doi.org/10.1109/MEMSYS.2002.984296
https://doi.org/10.1088/1741-2560/10/1/016004
https://doi.org/10.1088/1741-2560/10/1/016004
https://doi.org/10.1002/adfm.202006101
https://doi.org/10.1002/adfm.202006101
https://doi.org/10.1016/j.biomaterials.2019.119648
https://doi.org/10.1016/j.biomaterials.2019.119648
https://doi.org/10.1016/j.electacta.2009.10.065
https://doi.org/10.1016/j.carbon.2011.01.067
https://doi.org/10.1016/j.carbon.2011.01.067
https://doi.org/10.1039/c7gc00112f
https://doi.org/10.1063/1.3114404
https://doi.org/10.1016/j.jiec.2011.10.002
https://doi.org/10.1016/j.jiec.2011.10.002
https://doi.org/10.1016/j.snb.2015.11.050
https://doi.org/10.1016/j.snb.2015.11.050
https://doi.org/10.1063/1.4756995
https://doi.org/10.1021/acs.chemmater.9b00819
https://doi.org/10.1021/acs.chemmater.9b00819
https://doi.org/10.1038/nnano.2008.174
https://doi.org/10.1038/nnano.2008.174
https://doi.org/10.1016/j.clinph.2015.06.002
https://doi.org/10.1016/j.clinph.2015.06.002
https://doi.org/10.1109/TBCAS.2010.2076384
https://doi.org/10.1109/TBCAS.2010.2076384
https://doi.org/10.1021/acsanm.8b02354
https://doi.org/10.1038/s41598-017-11477-6
https://doi.org/10.1038/s41598-017-11477-6


from the surface of the brain. Nat. Neurosci. 18,
310–315. https://doi.org/10.1038/nn.3905.

Kochowski, S., and Nitsch, K. (2002). Description
of the frequency behavior of metal – SiO 2 – GaAs
structure characteristics by electrical equivalent
circuit with constant phase element. Thin Solid
Films 415, 133–137. https://doi.org/10.1016/
S0040-6090(02)00506-0.

Kolarcik, C.L., Catt, K., Rost, E., Albrecht, I.N.,
Bourbeau, D., Du, Z., Kozai, T.D.Y., Luo, X.,
Weber, D.J., and Tracy Cui, X. (2014). Evaluation
of poly (3, 4-ethylenedioxythiophene)/carbon
nanotube neural electrode coatings for stimula-
tion in the dorsal root ganglion. J. Neural. Eng.
12, 016008. https://doi.org/10.1088/1741-2560/
12/1/016008.

Konios, D., Petridis, C., Kakavelakis, G., Sygletou,
M., Savva, K., Stratakis, E., and Kymakis, E. (2015).
Reduced graphene oxide micromesh electrodes
for large area, flexible, organic photovoltaic
devices. Adv. Funct. Mater. 25, 2213–2221.
https://doi.org/10.1002/adfm.201404046.

Kostarelos, K., Bianco, A., and Prato, M. (2009).
Promises, facts and challenges for carbon
nanotubes in imaging and therapeutics. Nat.
Nanotechnol. 4, 627–633. https://doi.org/10.
1038/nnano.2009.241.

Kudin, K.N., Ozbas, B., Schniepp, H.C.,
Prud’homme, R.K., Aksay, I.A., and Car, R. (2008).
Raman spectra of graphite oxide and
functionalized graphene sheets. Nano Lett. 8,
36–41. https://doi.org/10.1021/nl071822y.

Labib, M., Sargent, E.H., and Kelley, S.O. (2016).
Electrochemical methods for the analysis of
clinically relevant biomolecules. Chem. Rev. 116,
9001–9090. https://doi.org/10.1021/acs.chemrev.
6b00220.

Laurila, T., Sainio, S., and Caro, M.A. (2017).
Hybrid carbon based nanomaterials for
electrochemical detection of biomolecules. Prog.
Mater. Sci. 88, 499–594. https://doi.org/10.1016/j.
pmatsci.2017.04.012.

Lee, Y.H., Chang, K., Hu, C.C., and Hu, C. (2013).
Differentiate the pseudocapacitance and double-
layer capacitance contributions for nitrogen-
doped reduced graphene oxide in acidic and
alkaline electrolytes. J. Power Sources 227,
300–308. https://doi.org/10.1016/j.jpowsour.
2012.11.026.

Lempka, S.F., Johnson, M.D., Moffitt, M.A., Otto,
K.J., Kipke, D.R., and McIntyre, C.C. (2011).
Theoretical analysis of intracortical
microelectrode recordings. J. Neural. Eng. 8,
045006. https://doi.org/10.1088/1741-2560/8/4/
045006.

Li, D., Müller, M.B., Gilje, S., Kaner, R.B., and
Wallace, G.G. (2008). Processable aqueous
dispersions of graphene nanosheets. Nat.
Nanotechnol. 3, 101–105. https://doi.org/10.
1038/nnano.2007.451.

Lin, J.C., Lin, J.C.H., Deng, P., Lam, G., Lu, B., Lee,
Y.K., and Tai, Y.C. (2011). Creep of parylene-C
film. In 2011 16th International Solid-State
Sensors, Actuators and Microsystems
Conference (IEEE), pp. 2698–2701. https://doi.
org/10.1109/TRANSDUCERS.2011.5969483.

Lin, X., Jia, J., Yousefi, N., Shen, X., and Kim, J.K.
(2013). Excellent optoelectrical properties of
graphene oxide thin films deposited on a flexible
substrate by Langmuir–Blodgett assembly.
J. Mater. Chem. C 1, 6869. https://doi.org/10.
1039/c3tc31497a.

Liu, H., Wang, H., and Zhang, X. (2015a). Facile
fabrication of freestanding ultrathin reduced
graphene oxide membranes for water
purification. Adv. Mater. 27, 249–254. https://doi.
org/10.1002/adma.201404054.

Liu, T.-C., Chuang, M.C., Chu, C.Y., Huang, W.C.,
Lai, H.Y., Wang, C.T., Chu, W.L., Chen, S.Y., and
Chen, Y.Y. (2015b). Implantable graphene-based
neural electrode interfaces for electrophysiology
and neurochemistry in in vivo hyperacute stroke
model. ACS Appl. Mater. Interfaces 8, 187–196.
https://doi.org/10.1021/acsami.5b08327.

Ludwig, K.A., Langhals, N.B., Joseph, M.D.,
Richardson-Burns, S.M., Hendricks, J.L., and
Kipke, D.R. (2011). Poly(3,
4-ethylenedioxythiophene) ( PEDOT ) polymer
coatings facilitate smaller neural recording elec-
trodes. J. Neural. Eng. 8, 014001. https://doi.org/
10.1088/1741-2560/8/1/014001.

Luhmann, H.J., and Khazipov, R. (2018). Neuronal
activity patterns in the developing barrel cortex.
Neuroscience 368, 256–267. https://doi.org/10.
1016/j.neuroscience.2017.05.025.

Luo, X., Weaver, C.L., Zhou, D.D., Greenberg, R.,
and Cui, X.T. (2011). Highly stable carbon
nanotube doped poly (3,
4-ethylenedioxythiophene) for chronic neural
stimulation. Biomaterials 32, 5551–5557. https://
doi.org/10.1016/j.biomaterials.2011.04.051.

Manbohi, A., and Ahmadi, S.H. (2019). Sensitive
and selective detection of dopamine using
electrochemical microfluidic paper-based
analytical nanosensor. Sens. Bio-Sensing Res. 23,
100270. https://doi.org/10.1016/j.sbsr.2019.
100270.

Matt, S.M., and Gaskill, P.J. (2020). Where is
dopamine and how do immune cells see it?:
dopamine-mediated immune cell function in
health and disease. J. Neuroimmune Pharmacol.
15, 114–164. https://doi.org/10.1007/s11481-019-
09851-4.

Muhammad Hafiz, S., Ritikos, R., Whitcher, T.J.,
Md. Razib, N., Bien, D.C.S., Chanlek, N.,
Nakajima, H., Saisopa, T., Songsiriritthigul, P.,
Huang, N.M., and Rahman, S.A. (2014). A
practical carbon dioxide gas sensor using room-
temperature hydrogen plasma reduced
graphene oxide. Sens. Actuators, B 193, 692–700.
https://doi.org/10.1016/j.snb.2013.12.017.

Muhammad, S., Ummul Banin Zahra, U.B.Z.,
Aneela Ahmad, A.A., Shah, L.A., andMuhammad,
A. (2020). Understanding the basics of electron
transfer and cyclic voltammetry of potassium
ferricyanide - an outer sphere heterogeneous
electrode reaction. J. Chem. Soc. Pakistan 42,
813. https://doi.org/10.52568/000705/jcsp/42.06.
2020.

Murphy, B.B., Mulcahey, P.J., Driscoll, N.,
Richardson, A.G., Robbins, G.T., Apollo, N.V.,
Maleski, K., Lucas, T.H., Gogotsi, Y., Dillingham,
T., and Vitale, F. (2020). A gel-free Ti 3 C 2 T x

-based electrode array for high-density, high-
resolution surface electromyography. Adv.

Mater. Technol. 5, 2000325. https://doi.org/10.
1002/admt.202000325.

Nelson, M.J., Pouget, P., Nilsen, E.A., Patten,
C.D., and Schall, J.D. (2008). Review of signal
distortion through metal microelectrode
recording circuits and filters. J. Neurosci.
Methods 169, 141–157. https://doi.org/10.1016/j.
jneumeth.2007.12.010.

Ng, A.M.H., Teck Lim, C., Low, H.Y., and Loh, K.P.
(2015). Highly sensitive reduced graphene oxide
microelectrode array sensor. Biosens.
Bioelectron. 65, 265–273. https://doi.org/10.
1016/j.bios.2014.10.048.

Ngamchuea, K., Eloul, S., Tschulik, K., and
Compton, R.G. (2014). Planar diffusion to macro
disc electrodes—what electrode size is required
for the Cottrell and Randles-Sevcik equations to
apply quantitatively? J. Solid State Electrochem.
18, 3251–3257. https://doi.org/10.1007/s10008-
014-2664-z.

Ning, J., Wang, J., Li, X., Qiu, T., Luo, B., Hao, L.,
Liang, M., Wang, B., and Zhi, L. (2014). A fast
room-temperature strategy for direct reduction
of graphene oxide films towards flexible
transparent conductive films. J. Mater. Chem. A 2,
10969–10973. https://doi.org/10.1039/
c4ta00527a.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

For in vivo animal studies, one male rat (Crl:SD, 225 g) was used for an acute neural recording session with

the rGO/Au mECoG array. Anesthesia was induced with 5% isoflurane in oxygen. The anesthetized rat was

placed in a stereotaxic frame with his body resting on a heating pad. Buprenorphine SR was administered

for systemic analgesia. A midline scalp incision site was shaved, cleaned, and injected with line block of

0.25% bupivacaine. Respiratory rate and pedal and palpebral reflexes were checked every 10 min to verify

depth of anesthesia, which wasmaintained with 3–3.5% isoflurane. The scalp was incised to expose the dor-

sal skull and a craniotomy of the right parietal bone was performed to expose the vibrissal representations

of primary somatosensory cortex (i.e., barrel cortex). Two 00–90 skull screws with attached gold pins were

implanted: one in the left frontal bone (recording ground) and one in the left occipital bone (recording
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reference). The rGO/Au mECoG array was glued to the bottom of a custom designed 3D-printed rod that

was mounted in a stereotaxic microdrive. The microdrive was angled 30� from vertical, and the array was

lowered to press gently into the pial surface of the barrel cortex. Individual contralateral whiskers were de-

flected using a custom stimulation system. The whiskers were cut to a length of approximately 1 cm and

inserted at their natural angle into a glass capillary tube (0.23 mm inner diameter) that was epoxied to a

piezoelectric bender (Thorlabs, Inc.). Each deflection consisted of a pulse with 2 ms rise time, 2 ms plateau,

and 2 ms fall time that was smoothed to prevent mechanical ringing. These whisker stimuli were delivered

at 0.5 Hz while wideband neural signals were recorded at 20 kHz per channel using an Intan RHS system

(Intan Technologies). To distinguish evoked neural activity from any noise introduced by the stimulation

system, whisker stimulation recordings were interleaved with control recordings, in which the same stimuli

were delivered but with the whisker removed from the capillary tube. All animal procedures were approved

by the Institutional Animal Care and Use Committee of the University of Pennsylvania (IACUC Protocol No.

806241).

METHOD DETAILS

Preparation of GO + VC solutions

Highly concentrated GO (>5 mg mL�1) was purchased from Graphene Supermarket� and was used for all

experiments. VC in powder form was purchased from Sigma Aldrich, and VC solutions were made at the

appropriate concentrations by dissolving powder in deionized water over 30 min under continuous mag-

netic stirring at room temperature. All GO + VCmixtures were made by combining GO and VC solutions in

a 1:1 volume ratio and vortex mixing for 5 min.

Spray-coating techniques

Prior to spray-coating, the surface of the target substrate was activated with an air plasma (Harrick PDC-32G

Basic Plasma Cleaner, pbase = 305 mTorr, plasma power = 18 W, exposure time = 2 min). The substrates

used in this report included precleaned microscope slides (Fisherbrand 12-550-A3, 25x75x1 mm), cut

into 25 mm 3 25 mm squares, and 300 diameter Si wafers coated with parylene-C and prepatterned with

Au contacts. After plasma activation, samples were placed on a hot plate at 150�C and preheated for

5 min. (Figure 1A). Subsequently, 3 mL of the GO + VC solutions were spray-cast onto the sample using

a commercial airbrush (Gocheer) connected to a TC-20 air compressor unit (Figure 1B). The average spray-

ing pressure was�0.25 MPa (36 psi), and the average distance between the airbrush and substrate was 12–

15 cm. Following spray-coating of the GO + VC solutions, samples were left on the hot plate at 150�C in

order to complete the reduction step and produce VC-rGO films (Figure 1C). To optimize the reduction

process, VC concentration and film heating time at 150�C were varied between 1 and 50 mM and 2.5–

30 min, respectively.

Film characterization

Sheet resistance: Rs, of VC-rGO films was measured with a Loresta-AX MCP-T370 handheld low resistivity

four-point probe (Nittoseiko Analytech Co., Ltd.). Profilometry was performed with a Tencor KLA P-7 Stylus

Profiler (KLA Corp.; scan speed = 50 mm s�1; sampling frequency, fs = 200 Hz; stylus applied force, fappl =

2 mg) to determine VC-rGO film thickness, t. After measuring the values of sheet resistance and average

thickness, the DC conductivity of the films, sDC, was calculated using the relationship sDC = (Rs$t)�1.

Raman: spectra were collected using an NT-MDT Ntegra Raman-NSOM system, with a 532 nm excitation

laser. The effective wavelength range was limited to 180–2,580 cm�1. Raman spectra were averaged across

N = 6 separate scans, and then fitted with a Lorentzian function in MATLAB to determine peak positions

and intensities for the peaks specific to graphitic carbon (i.e., the D and G bands).

Imaging: a JSM-7500F scanning electron microscope (SEM; JEOL, Ltd.) with a 3 keV accelerating voltage

was used for imaging VC-rGO thin films on glass substrates. A Bruker Icon atomic force microscope (AFM;

Bruker Corp.) was used to characterize the flake morphology of GO + VC and VC-rGO thin films on glass

substrates, and ImageJ was used to help identify individual flakes in the collected micrographs.

Monitoring the DC conductivity over 1 month

VC-rGO films were made with the optimized VC reduction method (50 mM VC, 15 min at 150�C), followed
by aging in air at room temperature, or submerged in 1X PBS at room temperature. DC conductivity of the
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films was measured at the initial (t0) and final (30 days) timepoints using a 4-point probe (Figure S3). To

quantify the total conductivity retained after aging, %DsDC, we defined the following parameter:

%DsDC h

�
sf

s0

�
3100

where s0 is the DC conductivity at t0, and sf is the DC conductivity at the final timepoint.

Fabrication of mECoG devices

rGO/Au mECoG arrays were fabricated following previously published methods (Driscoll et al., 2020; Mur-

phy et al., 2020). Briefly, a Si wafer was coated with 4 mm of parylene-C and patterned with electrode traces

consisting of 10nm/100nm Ti/Au using photolithography, electron-beam deposition, and lift-off. 1%Micro-

90 cleaning solution was spin-cast onto the wafer as an anti-adhesion layer, and a 3 mm-thick sacrificial

parylene-C layer was deposited. Openings over the Au traces were made in the sacrificial parylene layer

via photolithography and reactive ion etching (RIE). Next, 3 mL of the GO + VC mixture was spray-cast

onto the wafer. The sacrificial parylene layer was then manually removed, leaving behind GO + VC films

only in the areas defined by the previous patterning steps. The GO + VC films were subsequently reduced

by heating the entire wafer on a hot plate at 150�C for 15 min. After the reduction step, a top encapsulation

layer of 4 mm of parylene-C was deposited, and device outlines were patterned via photolithography and

lift-off techniques. A final RIE step removed residual parylene, and the rGO/Aumicroelectrodes were finally

peeled off from the Si wafer for characterization and use. Plain Au electrodes were made using a similar

fabrication flow, only excluding the sacrificial parylene patterning, GO + VC spray-coating, and reduction

steps.

Characterization of mECoG devices in vitro

Completed mECoG arrays were imaged using a Keyence VHX-6000 Digital Light Microscope (Keyence

Corp.). The devices were then loaded into zero-insertion force (ZIF) connectors soldered to custom Om-

netics printed circuit boards (PCBs; DigiKey Electronics). A Gamry Reference 600 potentiostat/galvano-

stat/ZRA (Gamry Instruments, Inc.) was used for all electrochemical characterization in vitro. In particular,

we conducted electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), chronopotentiom-

etry and continuous charge-injection tests to measure the electrochemical impedance, cathodal charge

storage capacity (CSCC), safe charge injection limit (Qinj), total charge injection capacity (CIC), and long-

term pulsing stability of the mECoG devices. All in vitro testing was conducted in 1X phosphate buffered

saline (PBS; pH 7.4, Quality Biological) at room temperature, using a standard three-electrode cell

featuring a graphite rod counter electrode (1-cm diameter; Bio-Rad Laboratories, Inc.), and an aqueous

Ag/AgCl reference (3M KCl; Sigma Aldrich). Specifically, EIS was measured with a 10 mVrms input voltage,

sweeping the frequency from 1–105 Hz. Impedance spectra were subsequently fitted with equivalent circuit

models in Gamry’s EChem Analyst software (see Fitting procedure details below), to obtain values of

charge-transfer resistance (Rct) and double-layer capacitance (Cdl). CVs were completed first in Au’s safe

operating window (Ganji et al., 2017a; Ganji et al., 2017b), then in the rGO operating window, at a scan

rate of 200 mV s�1. The first scan was always completed in the cathodic direction (i.e., towards the negative

potential limit first). Values ofQinj were determined from both CVs and impedance fitting results, using the

equation (Cogan, 2008; Apollo et al., 2015),

Qinj =
Cdl,VOW

GSA
(Equation 1)

where VOW is the size of the electrode’s full operating voltage window (also known as the electrochemical

window or the water window), and GSA is the electrode geometric surface area. During chronopotentiom-

etry experiments, voltage transients were recorded in response to biphasic current pulses of 7.5 mA ampli-

tude and 650 ms duration, with the cathodic pulse delivered first and a 20-ms interpulse interval (Ganji et al.,

2017b). In the continuous charge-injection tests, charge was injected through the electrodes at 500 mC

cm�2 per phase (current amplitude, 1.56 mA phase�1) at 130 Hz over 24 h (Dalrymple et al., 2019), and

the electrode impedance was measured every 260,000 pulses. The starting open circuit potential (OCP)

was 0 V for all measurements described above.

Fitting procedures for mECoG devices in 1X PBS

Amodified Randles cell was used to fit the impedance spectra of the bare Au electrodes (Franks et al., 2005;

Boehler et al., 2020). The coating model used to describe the rGO/Au electrodes describes coatings on
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metallic or Si electrodes (Pan et al., 1996). For both models, we used a constant phase element (CPE) in

place of the traditional double-layer capacitance, Cdl, in order to account for the non-ideal behavior of

the interfacial double-layer (Kochowski and Nitsch, 2002).

Cdl values reported in the main manuscript and in Table S2 were calculated from CPE parameters using the

equation (Hirschorn et al., 2010; Bera et al., 2017).

Cdlh
ðY0RsolÞ1=a

Rsol
;

where Rsol is the solution/spreading resistance with units of U, Y0 is the CPE admittance with units of S S
a,

and a is the unitless CPE constant (a = 1 represents a perfect capacitor, a = 0 is a perfect resistor).

In addition to Cdl, it is also possible to calculate the theoretical value of the solution resistance, Rsol
th, using

the equation (Franks et al., 2005)

Rth
solh

r ln 4

pl
;

where r is the solution resistivity (72 U cm for 1X PBS), and l is the electrode side-length (here, 50 mm). For

the Au and rGO/Au electrodes in this work, Rsol
th = 6.354 kU, which is in excellent agreement with exper-

imentally fitted values of Rsol, supporting the validity of our proposed models (Table S2).

Evaluating the total charge injection capacity

The total charge injection capacity (CIC) of a stimulating technology defines the maximum charge that an

electrode can inject into a solution (or into tissue) such that all reactions that occur are entirely reversible. In

terms of electrochemical parameters, the CIC can be defined as the total charge (current 3 time [pulse

width]) at which the maximum excursion/polarization potential, Em, exceeds the water window limits of

the electrodematerial, either in the anodic or cathodic phase (Ganji et al., 2017b; Cisnal et al., 2018; Driscoll

et al., 2021). To determine the CIC, then, the polarization potential, Em, must first be defined. Em is best

summarized by the equation (Cisnal et al., 2018).

Em = Ep;i +DEp = Ep;i + ðDV � VaÞ;
where Ep,i is the initial offset voltage (typically 0 V), and DEp is the polarization potential of the electrode

across the electrode-electrolyte interface. DEp can be determined from voltage transient experiments,

as it is equivalent to the voltage transient response, DV, after subtracting the access voltage, Va, which is

the instantaneous potential change at the beginning of, or immediately after, current pulse delivery

(Figure S6).

Dopamine and ferrocyanide detection in vitro

Dopamine and potassium ferrocyanide were purchased in powder form from Sigma Aldrich and test solu-

tions were made by dissolving the powders in 1X PBS by vigorous hand shaking, followed by vortex mixing

for 5 min. For DA sensing, CVs were completed from �0.4 V to +1.0 V at a scan rate of 4 V s�1 in a three

electrode configuration, with a carbon rod counter electrode and aqueous Ag/AgCl reference. For detect-

ing Fe(CN)6, the same three-electrode configuration was used, but CVs were completed from 0.0 V

to +0.6 V at a scan rate of 50 mV s�1. In both instances, the first scan was always completed in the cathodic

direction, the initial OCP was 0 V, and no nitrogen or argon bubbling was used before, during, or after the

CVs were measured. Different rGO/Au mECoG arrays were used for DA detection and Fe(CN)6 detection,

and these arrays were also separate from those used for EIS measurements, so as to avoid any potential

complications that might have been caused by DA adsorption.

Peak oxidation currents were determined using standard techniques after background subtraction (Elgrishi

et al., 2018; Espinoza et al., 2019), and a calibration curve was constructed for DA in the 1–50 mM concen-

tration range (Venton and Cao, 2020). The sensitivity of the rGO/Au electrodes for DA detection was calcu-

lated from the slope,m, of the fitting curve (in units of nA mM�1), and the limit of detection (LOD) was calcu-

lated using the equation (Palomäki et al., 2018; Manbohi and Ahmadi, 2019),

LOD =
3sB
m

(Equation 2)
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where sB is the standard deviation of the background current in amperes.

To estimate the effective electrochemical surface area of the rGO/Au mECoG electrodes, AESA, we applied

the simplified Randles-Sevcik equation at room temperature to the Fe(CN)6 data (Kang et al., 2012; Wang

et al., 2014),

ip =
�
2:69 3 105

�
AC

ffiffiffiffiffiffiffiffiffiffiffi
n3Dn

p
(Equation 3)

where ip is the background-subtracted peak current in amperes, A is the electrode area in cm2,C is the con-

centration of the solution in mol cm�3, n is the number of electrons transferred in the Fe(CN)6 redox event,

D is the diffusion coefficient of Fe(CN)6 in cm2 s�1, and v is the scan rate in V s�1.

QUANTIFICATION AND STATISTICAL ANALYSIS

The average values cited in this work were defined as the sum of the relevant measurement terms, S(terms),

divided by the total number of relevant measurement terms, Nterms:

m =

P ðtermsÞ
Nterms

:

The standard deviations in this work were calculated as the square root of the variance, where the variance

was defined as the sum of the squared differences between each relevant measurement term and the

average value of that same measurement term, S(termsi-m)
2, then divided by the total number of relevant

measurement terms, Nterms:

s =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX ðtermsi � mÞ2
Nterms

:

s

The average values and standard deviations for each relevant measurement term are cited in the main

manuscript, and are also provided in the Figures and Tables of the main manuscript and Supplemental

information.

The only statistical tests applied in this study were Student’s t-tests used to compare values of Rct and Cdl

between Au and rGO/Au mECoG fitting results. These analyses were run across n = 4 separate electrodes,

with significance defined as a p-value p < 0.05. Statistical results are cited in the main manuscript, and can

also be found in Figure S4.
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