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    Abstract—Graphene electrode arrays hold promise for in 
vivo optogenetic electrophysiology. In such studies, it 
would be ideal to enable spatial oversampling with a 
high-density array, which is challenging to maintain both 
low electrode impedance and low light-induced artifact. To 
this end, we present a 28-µm pitched, poly(3, 
4-ethylenedioxythiophene):poly(styrene sulfonate) 
(PEDOT:PSS)-coated graphene electrode array, which was 
found to feature both low electrode impedance and low 
artifact in optogenetic electrophysiology. The resulting 
array was able to record the optogenetically stimulated 
signals, whose amplitudes increased with the stimulus 
intensity and maximized next to the responsive cell. Such 
PEDOT:PSS-coated graphene electrodes are suitable to 
ultimately form a flexible array for high density optogenetic 
electrophysiology in vivo. 
  

Index Terms—optogenetic electrophysiology, graphene 
electrode array, PEDOT:PSS coating. 

I. INTRODUCTION 
raphene electrode arrays [1]–[4] hold promise for in vivo 
optogenetic electrophysiology, a cell biology approach 

featuring high precision and cell-type specificity [5], [6]. These 
electrode arrays can be highly compliant, and suitable for low 
noise recording of cell activity with low light-induced artifact 
under optogenetic stimulus [1], [4], [7]. Such studies would 
benefit from spatial oversampling of cell network with high 
density arrays, which can ultimately register recorded data to 
individual cells [8], [9]. It is thus essential to evaluate if a 
high-density graphene electrode array could maintain both low 
impedance (for high signal-to-noise ratios, SNR) and low 
artifact (for high signal-to-artifact ratios, SAR) [1], [7]. 

To date, electrode arrays made of monolayer and four-layer 
graphene have been reported to allow for low artifact 
optogenetic electrophysiology [7]. However, these arrays were 
typically built in a 300-900 μm pitch [1], [2], [4], which lacks 
the spatial resolution needed for spatial oversampling as 
reported in closely packed silicon-substrated electrodes [8]. To 
achieve high-density optogenetic electrophysiology, graphene 
electrodes need to be further engineered to feature both low 
impedance and low artifact [4], [7]. To this end, graphene 
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electrodes coated with Pt nanoparticles [10] and poly(3, 
4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT 
:PSS) were recently noted for their reduced impedance [11]. 
Nonetheless, these surface-coated graphene electrodes have not 
been examined in optogenetic electrophysiology studies, which 
requires both high SNR and high SAR. 

Here we present a 28-μm pitched PEDOT:PSS-coated 
graphene electrode array that features both low impedance and 
low artifact. Being one order denser than reported graphene 
arrays in optogenetic electrophysiology, our array can record 
optogenetically stimulated extracellular signals with SNR > 20 
and SAR > 3. The signal amplitude increased with the stimulus 
intensity with its maximum next to the responsive cell. Such 
low-impedance, low-artifact electrodes are suitable to 
ultimately form a flexible array for high density optogenetic 
electrophysiology studies at the in vivo setting.  

II. METHODS 
Our array was built on chemical-vapor-deposition grown 

graphene wafers (ACS Material), with 3-5 layered graphene 
(lower sheet resistance than monolayer graphene [2]) one-time 
transferred to a Si/SiO2 substrate by the standard Cu-etching 
method. (Fig. 1(a)). Using an O2 based reactive-ion-etching 
step, we patterned graphene electrodes in a 28-μm pitch, 
contacted by evaporated Ti/Au layers (no graphene damage 
was observed), and passivated the chip by a 4 μm-thick SU8 
layer with 21 µm-by-10 µm sized opening that defined the 
effective electrode area. We then treated the SU8 layer with an 
O2-plasma step (with graphene being protected by photoresist) 
to enhance its hydrophilicity, which was found to improve the 
following electroplating [12] and cell testing steps. The array 
was then wire-bonded onto a printed-circuit board (PCB) and 
packaged by polydimethylsiloxane (PDMS) (Fig. 1(b)).  
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Fig. 1. Array fabrication and testing setup. (a) Schematics of a PEDOT: 
PSS-coated graphene electrode, a fabricated 28 µm-pitched array, and 
the array interfacing with cells. Scale bar, 20 µm. (b) Cell testing setup 
with the array packaged on a side-flipped PCB fixed on a lifting station.  
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On the electrochemistry side, each electrode was configured 
to a three-electrode setting [4] by Gamry Reference 600+ (with 
a Pt wire as the counter electrode and an Ag/AgCl wire as the 
reference electrode) for electrochemical impedance 
spectroscopy (EIS) and cyclic voltammetry (CV) measurement 
in 1× phosphate buffer saline. We also used this three-electrode 
configuration to electroplate a PEDOT:PSS layer on individual 
electrodes. This was achieved by immersing the array in 400 μL 
deionized water mixed with 0.048 M PSS and 0.02 M EDOT 
monomer, and injecting 2.1 mA/cm2 current from each 
graphene electrode for two consecutive 10-s periods [11]. 

We next cultured human embryonic kidney (HEK) 293 cells 
[6], [13] on a PDMS piece and co-transfected them with opsins 
(ChR2) and Ca2+ reporters (jRCAMP1a). The PDMS piece with 
cells facing up was later transferred to a Petri dish filled with a 
cell imaging medium that contained 80 mM CaCl2, 5 mM 
NaCl, and 3 mM KCl (pH 7.3) as we reported before [13]. We 
then used an inverted fluorescence microscope (Leica) to: 1) 
conduct Ca2+ imaging with 100 ms exposure time per frame to 
identify optogenetically responsive cells. This was achieved by 
a 6.49 mW/cm2 575/22 nm excitation light pulsed at 0.5 frame 
per second, a 585 nm long-pass dichroic mirror, and a 632/60 
nm emission filter; and 2) apply 470/40 nm optogenetic 
stimulus at 20.41~38.94 mW/cm2 to evoke Ca2+ transients in 
cells. The 575-nm excitation light was off within the 470-nm 
stimulus window. 

To form the array-cell contact, we side-flipped the array on 
the PCB and fixed it on a home-built lifting station controlled 
by a manual lab jack and a positioning stage. The array was 
then lowered, aligned to, and contacted with the responsive 
cells by fine-tuning the lifting station. An Ag/AgCl wire was 
immersed in the medium to bias it. Using an Intan RHD2164 
amplifier chip synchronized with the microscope camera, we 
sampled extracellular signals at 10 kHz (band-pass filtered at 
0.1-3 kHz); the 60 Hz noise and DC offset were removed by 
built-in filters of an Intan interface software. 

III. RESULTS AND DISCUSSIONS 

A. Electrochemical characterization 
We found that the PEDOT:PSS coatting step was effective in 

altering the EIS and CV data of the array. After ca. 20 s of 
electroplating, each electrode typically dropped its EIS 
impedance at 1 kHz from ca. 2 MΩ to sub-100 kΩ, and 
increased its EIS phase in the entire frequency range (Fig. 2(a)). 
This result suggests that the PEDOT:PSS coating layer reduced 
the electrode impedance, and changed electrodes to be less 
capacitive [14]. At the array level, 12 out of 13 electrodes 
showed more than 20 times of impedance decrease (from 2.00 ± 
0.11 MΩ to 74 ± 13 kΩ), with one electrode (#1) showing only 
3.5 times of decrease (from 2.16 MΩ to 0.60 MΩ) where the 
graphene flake may be degraded during electroplating (Fig. 
2(b)). These sub-100 kΩ electrodes placed in a 28 µm pitch are 
desired for high SNR in high-density electrophysiology [15]. 
Moreover, the PEDOT:PSS layer increased the current in CV 
curves by ca. one order. This increase is likely because the 
thickness of the PEDOT:PSS layer increased the effective 
surface area of the electrode, and thus lowered the electrode 
impedance with a lower charge transfer resistance and a larger 
double-layer capacitance [16]-[21]. 

B. Optogenetic electrophysiology experiments 
 After forming the array-cell contact, we simulataneously 

conducted optogenetic electrophysiology and Ca2+ imaging, the 
latter serving to reaffirm optogenetic responsiveness of the 
targeted cell during the experiment. Here we alternately applied 
pulsed excitation light (to alleviate the photobleaching effect 
[22]) and 10-s 470/40 nm optogenetic stimulus in three 
consecutive 140-s periods for statistics. In each period, the F0 
value is defined as the 40-s average before the stimulus 
(subtracted by the background defined in [13]). The resulting 
positive ΔF/F0 values after stimulation (~ 9.33%) suggest an 
increase of intracellular Ca2+ level due to the optogenetically 
triggered Ca2+ flux into the responsive cell (Fig. 3(a), left). 

At the same time, we found that the voltage signal recorded 
by the electrode next to the responsive cell showed enhanced 
oscillation at both the start and the end of the 470-nm stimulus 
(Fig. 3(a), right). Importantly, the ratio of the signal amplitude 
measured with cells to the artifact amplitude meaured without 
cells on the same electrode (i.e. SAR) was over 3 (from 500 

 
Fig. 2. Electrochemical characterization before (black) and after 
PEDOT: PSS coating (red). (a) EIS impedance (solid line) and phase 
(dashed line) of a typical electrode, (b) EIS impedance at 1 kHz of all 13 
electrodes, and (c) CV of a typical electrode measured in the 10th cycle 
and scanned at 1000 mV/s.  

 
Fig. 3. Optogenetic electrophysiology experiments. (a) ∆F/F0 trace in an 
optogenetically responsive cell with 10-s 470-nm stimulus at 30 mW/cm2 

(left), and the recorded trace from its adjacent electrode (right). Shaded 
areas represent ± 1 SD. The inset shows the jRCAMP1a image of cells 
overlaid on the array image. Scale bar, 20 µm. (b) 30-s recording traces 
of the cell signal (left) and the artifact (right) in one electrode (raw data in 
black; 500-point adjacent-averaging data in red). All data are 3-period 
averaged; blue windows mark the period of 470-nm stimulus. 
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-point adjacent averaging data in Fig. 3(b)), showing that our 
electrode can detect optogenetically evoked extracellular 
signals with statistical significance. On the other hand, the 
recorded signal trace (Fig. 3(b), left) also showed a high SNR 
(> 20,  defined in [1]) due to the low electrode impedance; the 
noise peaks in a period of 2 s were likely from the weak 
optogenetic response from cells and the light-induced artifact 
from the cell emission [19], [23] (see details below). 

Notably, the recorded voltage signal (i.e. raw data measured 
with cells): 1) increased at the start of the stimulus with a 
maximum Max_on, which then settled back to the baseline with 
a minimum Min_on, and 2) decreasd at the end of the stimulus 
with a minimum Min_off, which then settled back to the 
baseline with a maximum Max_off. Such oscillations can be 
attributed to optogenetically evoked cation flux across the cell 
membrane [24] as follows.  

At the start of 470-nm stimulus, ChR2 (a non-specific cation 
channel) were opened to enable the flux of cations following 
their concentration gradient across the cell membrane [24], [25]. 
Such cation flux is expected to be mainly from K+ and Ca2+ ions 
because our cell imaging medium includes more Ca2+ (80 mM) 
and less K+ (3 mM) than their intracellular concerntration 
(sub-mM Ca2+, ca. 150 mM K+) [23], [26], [27]. Since ChR2 
has a higher permeability to K+ ions than Ca2+ ions [28], it was 
likely that the efflux of K+ ions was dominant at the beginning 
of the stimulus, which charged the PEDOT:PSS layer and led to 
the voltage increase [29]. Meanwhile, the Ca2+ influx 
counterbalanced the effect of K+ efflux, settling the voltage 
back to the baseline when the equilibrium between Ca2+ and K+ 
flux was established. At the end of 470-nm stimulus, ChR2 
channels were closed instantly [25]. In this case, K+ (Ca2+) ions 
near the electrode flushed into (out of) cells via native K+ (Ca2+) 
ion channels to recover cells back to their resting stage [26], 
[27], [30]. It appears again that K+ influx dominated Ca2+ efflux 
when the stimulus was just off, likely due to higher 
permeability of K+ ions in native K+ ion channels. Importantly, 
such enhanced oscillations were not observed in cells that were 
transfected with jRCAMP1a only (not shown), suggesting that 
the cell signal in Fig. 3 was specific to the optogenetic effect. 

On the other hand, the light-induced artifact measured with 
no cells (Fig. 3(b)) can result from the photo-induced electron 
-hole pairs in the PEDOT:PSS layer and the circuitry loading 
effect [4]. At the start of the stimulus, photo-induced electrons 
(minority) rapidly got recombined due to their short lifetime 
[20],[32]-[34]; the un-recombined photo-induced holes left on 
the electrode can lead to a transient positive voltage. At the end 
of the stimulus, the number of photo-induced holes dropped 
instantly; their counter ions left near the electrode may result in 
a transient negative voltage. In both cases, the voltage trace 
settled back to the baseline within seconds, likely due to the RC 
discharging in an equivalent circuit formed by the Randles 
electrode model and the input load of the amplifiers [4]. 

We finally quantify the recorded signals of our coated array 
to examine its promise for high-density optogenetic electro 
-physiology. Our data showed that Max_on and Min_off values 
from the electrode next to the responsive cell were more than 
100 μV (Fig. 4(a)), and increased with the stimulus intensity, 
which is likely because stronger stimulus increased the amount 
of cation flux by opening more ChR2 channels  [13], [25]. The 
Max_off and Min_on values were in contrast comparable to the 

measured artifact and thus not selected for analysis. Further 
-more, we plotted the spatial mapping of Max_on and Min_off 
across the array, and compared them with the ΔF/F0 values at 
each electrode (Fig. 4(b)). To evaluate the spatial resolution of 
our array, we chose a field of view with only a few sparse cells. 
We then normalized F0 values according to the brightest cell, 
and treated the electrode regions with normalized F0 < 0.1 as 
ΔF/F0 = 0 since these regions had no cells nearby. The electrode 
close to the responsive cell (ΔF/F0 > 10 %) showed maximum 
Max_on and Min_off values among all 12 working electrodes. 
This result shows our PEDOT:PSS-coated array can provide 
recording data that can qualitatively match the position of the 
optogenetically responsive cells. 

IV. CONCLUSION 
In sum, we presented a 28 µm-pitched PEDOT:PSS-coated 

graphene electrode array featuring SNR > 20 and SAR > 3 in 
optogenetic electrophysiology. These high density electrodes 
showed both low electrode impedance and low artifact, two 
essential features for optogenetic electrophysiology studies. 
The fact that SAR was over 3 in our data likely originated from 
the photoelectric properties of the PEDOT:PSS layer, where the 
charging effect from optogenetically evoked cation flux was 
significant compared to that from the photo-induced carriers. 
Such electrodes can ultimately be built on a flexible substrate 
(e.g. Parylene C) with integrated light sources (e.g. LEDs), 
which would enable high density in vivo optogenetic electro 
-physiology for a variety of cell types (e.g. neurons) [35], [36].  
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