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Abstract 

 Graphene has triggered tremendous research due to its superior properties. In particular, 

the intrinsic high light transmission illustrates the unique advantage in neural biosensing. Here, 

we combine perforated flexible graphene electrodes with microfluidic platforms to explore real-

time extracellular electrical activities of retinal ganglion cells (RGCs). Under light stimulation, 

the transparent graphene electrodes have demonstrated the capability of recording the electrical 

activities of stimulated RGCs in direct contact. Different types of RGCs have shown three 

distinct light induced patterns: ON, OFF, and ON-OFF, which are primarily operated by cone 

photoreceptors. Moreover, the observed spiking waveforms can be divided into two groups: the 

biphasic waveform usually occurs at contacts with soma, while the triphasic waveform is likely 

related to the axon. Under high K+ stimulation, the graphene electrodes exhibit higher electrical 

sensitivity than gold counterparts with an average 2.5-fold enhancement in spiking amplitude. 

Furthermore, a strong response has been observed with the firing rate first increasing and then 

ceasing, which could be due to the potassium-induced neural depolarization. These results show 

that graphene electrodes can be a promising candidate in the electrophysiology studies of retina 

and offer a route to engineering future two-dimensional materials-based biosensors. 

 

Keywords: Graphene, retina, electrical activities, light stimulation, spiking waveform 

sorting, K+ stimulation 
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Introduction 

The retina, like many other parts of the central nervous systems, contains massive 

neurons of various types. These neurons with extended dendrites and axons, form parallel 

yet interactive neural building blocks, detect and deliver the output information to the brain, 

making it an ideal candidate in electrophysiology studies.1-4 Several layers of neurons are 

connected by synapses in the retina; and the primary light-sensing layer including cones 

and rods responds to light stimulation. The retinal ganglion cells (RGCs) extend to form 

an optic nerve that convey visual information as an electrical signal processed by the retinal 

circuits. Such a unique neural connection, cell morphologies, and information processing 

mechanisms make the exploration of their electrical activities imperative to understand 

how these units achieve higher functions such as sight and cognition. 

Various techniques have been developed to study the electrical activities in the 

retina. The patch-clamp technique has been widely used to record intracellular action 

potentials and their associated response to extracellular stimulations of the retinal neurons, 

which offers sub-millisecond temporal resolution but is limited in spatial resolution 

because of the sizable probes and bulky manipulator.5-6 It has also been demonstrated that 

fluorescent calcium indicators can be utilized to optically record electrical activities in 

retinal cells with a high spatial resolution at the micrometer range.7-8 However, the 

electrical sensitivities are significantly lower than the patch-clamp method. Microelectrode 

arrays (MEA), which integrate high-density probing electrodes in one device, can 

simultaneously record spiking activity of RGCs from multiple channels.9 More 

importantly, it provides a platform to realize real-time electrophysiological measurements. 

Recently, two-dimensional (2D) materials (e.g. graphene) have been shown to exhibit great 
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potential in electrophysiology and neuroimaging.10 Adopting transparent graphene 

electrodes in MEA could offer several advantages, especially for retinal neuron recording. 

The flexibility of graphene enables easy integration with flexible substrates while 

maintaining high performance. Its biocompatibility allows for direct contact with 

biological fluids and tissues, which can be employed in both in vivo and ex vivo 

conditions.11-13 In addition, the 2D nature of graphene with the whole volume exposed to 

the environment makes it extremely sensitive to surface charge changes.14-15 Last but not 

least, the transparent nature of flexible graphene electrodes facilitates direct light 

modulation to targeted RGCs in comparison with traditional opaque electrodes.16-17 The 

novel mechanical, electrical, and optical properties as well as the applications in electronics 

and optoelectronics offered by graphene, are well suited to create a revolutionary platform 

for retinal neurological research. 

            In this paper, we integrate transparent graphene probes with a microfluidic platform 

to record the extracellular electrical activities of RGCs in explanted whole retina. Two 

stimulation methods have been utilized in our experiments. Under photopic light 

illumination, the spiking activities of RGCs as a result of cone response have shown three 

different patterns: ON, OFF, and ON-OFF. Furthermore, various waveforms have been 

detected, in which biphasic spiking waveforms may result from direct contact with somas while 

triphasic spiking waveforms are likely attributed to isolated axons. Under high K+ stimulation, 

the spiking activities detected by graphene electrodes illustrate an average 2.5 times higher 

amplitude than gold electrodes. And an obvious increase in the action potential firing rate has 

been observed, which is likely due to the potassium-induced depolarization. Our experimental 
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results shed light on understanding the functions of RGCs and open up new avenues for probing 

the retina through highly sensitive, flexible, and transparent 2D materials-based devices. 

Methods 

Graphene growth and characterization. Graphene layers were grown using a 

standard chemical vapor deposition (CVD) method.18 We loaded the copper foil on a quartz 

boat into a furnace system after the copper film was rinsed with nitric acid for 10 minutes. 

The copper foil was annealed at 1000℃ with 100 sccm hydrogen for 1 h after the system 

was pumped down to 10 mTorr. Then graphene was grown on the copper foil at 1000℃ in 

the presence of 20 sccm of methane and 80 sccm of hydrogen for 30 minutes. The intensity 

and layer information for the graphene was characterized by Raman with a 532 nm laser 

source. 

Transparent graphene electrode fabrication and microfluidic platform 

configuration. Four-inch silicon wafers were used as support substrates to build 

transparent graphene electrodes. First, we spin coated 10 µm-thick polyimide (PI-2611, 

HD Microsystems) on the wafers and cured it under nitrogen atmosphere at 250℃ to 

prevent fracturing of the film. Polyimide was chosen as the substrate material due to its 

stable thermal properties, adequate mechanical property, and good biocompatibility. Next, 

patterned metal electrodes (Ti/Au, 10 nm/100 nm) was deposited by e-beam evaporation 

followed by a lift-off process. Then, the polyimide substrate and holes were structured 

simultaneously through a dry etching process by Trion Phantom II with the thick SPR220-

7.0 photoresist as an etching mask so that the flexible probes can be mechanically peeled 

off from the silicon substrate. Subsequently, we transferred the as-grown monolayer 

graphene onto the target area by using the bubbling transfer method.19 The graphene pattern 
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was defined by the standard photolithography and etching with O2 plasma. Finally, SU-8 

(SU-8 2002 MicroChem), a permanent epoxy-based negative photoresist, was used to 

passivate the metal area with the open graphene window defined.  

The microfluidic probing platform consisted of two glass slides, parafilm, plastic 

tubing, graphene sensor film, and glass ring. First, two glass slides and a patterned parafilm 

were used to form a sandwich structure with a fluid chamber and channel in between. Two 

holes were drilled on the top glass slide and the graphene sensor film was glued on the 

center area of one hole while a plastic tubing was attached to the other hole. Withdrawing 

fluid from the tube helps create a negative pressure in the fluid channel to allow for retina 

to be gently attached to the graphene sensor film. Finally, a glass ring was glued on the top 

glass slide to form a reservoir. 

Ex vivo recordings, data analysis and retina preparation. The graphene 

electrode film was clamped to a zero-insertion-force connector which was a lab-made 

printed circuit board. A flat flexible cable with a desired shape was used as a substrate to 

support and align I/O pad arrays. Electrical recordings were obtained through a 

commercially available voltage recording setup, a 16-channel amplifier (RHD2132, Intan 

Technologies). Recordings were acquired at a 20 kHz sampling rate. The sorting 

procedures used in this work were conducted in the Plexon Offline V4 sorter.  

   Animals. The welfare of the mice and the procedures used for this study are in 

accordance with the Association for Research in Vision and Ophthalmology (ARVO) 

guidelines and the American Association for Accreditation of Laboratory Animal Care 

(AAALAC). All procedures were approved by the Vanderbilt University IACUC under the 

protocol M1600235. Mice were maintained on a 12-hour light cycle and were euthanized 
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approximately 4.5 hours following light onset (9:30 AM). Euthanasia was performed by 

carbon dioxide inhalation until respiration ceased and immediately followed by cervical 

dislocation. 

   Retina preparation. The eyes were excised immediately following cervical 

dislocation and quickly submerged into gassed (95% O2 and 5% CO2) Ames medium. 

Retinas were isolated and dissected under dim red illumination to minimize photopigment 

bleaching. The retina was then incubated in Ames medium containing collagenase (241 

u/mL, Sigma-Aldrich Corporation) and hyaluronidase (1,370 u/mL, Worthington 

Biochemical Corporation) for 10 minutes at room temperature. Next, the digested retina 

was washed with Ames media, mounted photoreceptor side down on Whatman 3MM Chr 

cellulose paper (Fisher Scientific) and transferred to the MEA device such that the RGC 

layer was in direct contact with the graphene electrodes. 

 

Results and Discussion 

Fabrication and characterization of graphene electrodes. Graphene 

microelectrodes were fabricated on a 10 µm-thick flexible polyimide substrate. Figure 1a 

shows the optical image of typical transparent graphene probes and gold counterparts of 

the same size. Evenly distributed holes are patterned in the sensing region of the polyimide 

substrate. A perforated polyimide film allows for better physical contact than non-

perforated MEAs, enables nutrients to easily reach the bottom RGC layer, and fixates the 

tissue during the experiment. The almost symmetric perforations ensure uniform detection 

results to facilitate comparison between the graphene and gold electrodes. Additionally, 

the film has a hole to surface area ratio of ~23%, which has been shown to provide optimal 
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contact.20 As-grown graphene membranes were transferred to desired areas. The graphene 

was patterned by O2 plasma, followed by coating of a SU8 passivation layer to define an 

activate area of either 80×80 µm2 or 20×20 µm2 for each electrode to detect the local 

electrochemical environments. Raman spectroscopy measurements revealed the quality 

and thickness of graphene with a 532 nm laser. The 2D-to-G intensity ratio is about 2, 

indicating the monolayer structure of the as-grown graphene (Figure 1b).21-23 We note that 

while monolayer graphene was used in this work, few layer graphene electrodes may also 

be suitable as long as high optical transparency is maintained. One major advantage of 

graphene electrodes is their high optical transparency (>90%) as compared to other 

electrodes like ITO (80%) and ultra-thin metals (60%),24 which allows for recording the 

electrical signals while conducting direct light stimulation and real-time imaging. 

Ex vivo retina recordings with transparent graphene electrodes. To explore the 

extracellular electrical activity of the RGC layer, we performed ex vivo whole retina 

recordings with transparent graphene electrodes. As shown in Figure 1c, the transparent 

graphene electrodes were placed into a microfluidic platform and connected with a zero-

insertion force connector to interface with recording electronics (see details in Methods). 

The microfluidic chamber and channel underneath the graphene electrodes is connected to 

a media withdraw cannula (the blue tube in Figure 1c), which creates a negative pressure 

in the fluidic chamber. On top of the graphene electrodes, one perfusion cannula providing 

media (red tubing in Figure 1c) is inserted into the retina well and a suction cannula is 

placed near the top of the retina well to prevent overflow (green tubing in Figure 1c). To 

start the experiment, the whole system was perfused with carbogen-bubbled Ames media 

with a peristaltic pump controlling the flow rate and a heated cannula controlling the 
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temperature to be around 36℃. The retina tissue was then transferred into the well with 

RGCs atop electrodes, after which we engaged a pump to draw media through the blue 

tube connected to the fluidic channel to create a negative pressure underneath the retina. 

This negative pressure induces media perfusion through the perforated polyimide substrate, 

which allows for the retina tissue to be gently pulled towards the graphene electrodes. This 

procedure can enhance the physical contact between the retina tissue and the electrodes. 

Additionally, the fresh solution can reach the bottom cell layers to provide sufficient 

oxygenation and nutrient. Neural data were collected at a 20 kHz sampling rate from 16 

channels via an Intan Recording System. Figure 1d shows typical spontaneous spiking 

activities recorded from one channel of transparent graphene probes. The zoom-in view of 

a single spike indicates that it is likely the extracellular action potential of a RGC body 

(Figure 1e). 

Light induced stimulation to retina. Light stimulation was applied to the retina 

to investigate the associated electrical response by using transparent graphene electrodes. 

Photoreceptors such as rods and cones inside the retina layers can detect the light and 

trigger electrical signals propagating through the retinal circuits.21 RGCs have large 

receptive fields, receiving input from multiple photoreceptors via a diverse collection of 

interneurons. Processing of the visual signal is also mediated through different circuit 

configurations, neurotransmitter profiles, and neuromodulation, all of which ultimately 

influence the nature of the RGC response. Light incident on the retina is primarily absorbed 

by photosensitive chemicals in the rods and cones, which trigger neurotransmitter release 

through the horizontal, bipolar, and amacrine cell levels, to the RGCs. In the simplest 

iteration, RGCs respond to light in one of three ways, by firing action potentials in response 
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to light, the on-response, by firing action potentials when illumination is stopped, the off-

response, and by firing action potentials in response to the onset and termination of 

illumination, the on-off response.25 

Owing to the high light transmissivity of graphene, we are able to employ light 

from the bottom through the graphene electrodes, which allows for direct detection of the 

related response of RGCs. This light stimulation can be reflected by the electrical spiking 

changes measured by the graphene electrodes. As shown in Figure 2, we were able to 

observe three distinct patterns of firing rate distributions under 1 s white light stimulation, 

showcasing all three types of RGC responses (ON, OFF, ON-OFF). Figure 2 also displays 

the corresponding raster plots of RGC firing and the time interval between each light 

stimulation cycle is 60 s. Distinctions also exist among the ON and OFF patterns. The 

transient type can generate or vanish a burst of spikes, while the sustained firing type could 

persist more than the light stimulus period. For ON-OFF RGCs, it fires both when light is 

turned on and off (Figure 2e).26 Figure 2f is the frequency distribution of the RGC types 

recorded in the experiment. Approximately half of RGCs exhibit ON response under 1 s 

full-field stimulation, in agreement with the previous retina study.27 The light intensity 

applied to the retina was 3.5 log cd/m2, which was photopic illumination.28 Therefore, the 

visual response of the retina is primarily from cone photoreceptors.29 In general, the ON 

and OFF RGCs driven by the changes in excitatory and inhibitory inputs are related to 

different pathways in the retinal circuitry.30-31  

In addition, different electrical spiking waveforms were recorded by transparent 

graphene electrodes (Figure 3), which was likely related to various cell morphologies, 

synaptic connectivity, and relative position to the electrode. According to the shape and 
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frequency, recorded spiking waveforms can be divided into two groups: biphasic and 

triphasic waveforms. The biphasic waveforms are commonly classified into either regular-

spiking (RS) or fast-spiking (FS) patterns, in which RS tends to have a wider waveform 

(Figure 3a) compared to FS (Figure 3b). Triphasic-spiking (TS) and compound-spiking 

(CS) exhibit triphasic characteristics with a large positive-first phase (Figure 3d and 3e).32 

TS and CS has two positive spikes with a significant negative trough. The second positive 

peak of the CS is slightly wider than TS.33 According to the extracellular action potential 

model based on the volume conductor theory, a biphasic waveform is likely associated with 

the cell body (soma), while a triphasic waveform tends to be detected from an isolated 

axon.34-35 The local point where the action potential flows into acts as a sink, while the 

point where the action potential flows away provides a current source. When a spike is 

initiated at the soma, a negative voltage is measured when the soma first acts as a sink 

during the depolarization process. After the action potential travels away from the soma 

down to the axon, the cell body serves as the source, leading to a positive voltage (Figure 

3c). For the axon, the membrane under the electrode is a source for the nearby depolarized 

signal, thus producing a positive voltage. When the action potential reaches the electrode, 

a negative voltage is detected. Then, the contact area becomes an ion source again after the 

potential action moves away (Figure 3f).36-37  

Extracellular high K+ concentration stimulation. After the characterization of 

the light-induced electrical activities, extracellular potassium was applied to investigate the 

related response of the retina. The 22 mM K+ media was introduced from the perfusion 

loops by using a peristaltic pump to control the flow rate. The potassium stimulant lasted 

for 150 s before switching the loop back to the baseline Ames medium. A strong response 
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was observed with potassium exposure followed by a depletion period before the 

spontaneous activity returned. Figure 4a and 4b illustrate the median biphasic waveform 

and the firing spike rate of the action potential with a timestamp, respectively. To further 

analyze the response frequencies, a box-and-whisker plot is used to quantitatively compare 

the firing rate between the spontaneous and K+ stimulated spiking (Figure 4c). A similar 

trend of potassium-stimulated response was observed when the recording activities 

demonstrated a triphasic behavior (Figure 4d, e, f). Both types of spiking waveforms show 

a significant increase in firing rates during potassium stimulation due to enhanced neuronal 

depolarization. The neuronal membrane voltage is mainly regulated by the concentration 

of potassium and sodium ions inside and outside the cell membrane. At rest, an intracellular 

membrane voltage was negative, and the potassium ion was present in much higher 

concentrations inside the cell while the sodium ion concentrations were oppositely 

distributed. The movement of the ions across the membrane is naturally controlled by 

voltage-gated potassium and sodium channels.38 However, exposing the neuron to high 

levels of extracellular potassium reverse the chemical gradient, causing the positive K+ to 

move inside the cell, and the voltage inside the cell begins to increase, which is called 

potassium-induced depolarization.39 This depolarization process made the voltage inside 

the cells relatively easy to reach the threshold, causing a significant increase in action 

potential firing rates.40 However, the sustained depolarization eventually caused 

inactivation of voltage-gated channels and prevented the action potential from firing.41 

Following removal of the high potassium media, the RGCs returned to spontaneous spiking 

after approximately 130 seconds. Moreover, Figure 4g, h shows spiking activities of RGCs 

recorded from a graphene and a gold electrode under high K+ stimulation, respectively. 
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The spiking amplitude detected by the graphene electrode is about 2.5-fold compared to 

the one with a gold electrode of the same size, demonstrating higher electrical sensitivity 

in this retina experiment. 

Conclusion 

In this work, we use a perforated transparent graphene probe to perform 

electrophysiology measurements on mouse retinal tissues. Distinct ON, OFF, and ON-OFF 

responses from RGCs have been observed under light stimulation, which can be attributed 

to different optical pathways primarily mediated by cones. Various spiking waveforms 

with biphasic and triphasic characteristics are recorded, which are likely associated with 

different regions of neurons, such as soma and axon. We also demonstrate that the action 

potential spiking firing rate for the retina greatly increases under the high K+ stimulation, 

which is induced by neural depolarization. Our experimental results suggest that 

transparent graphene probes exhibit higher electrical sensitivity. Together with previously 

demonstrated flexibility and biocompatibility,15, 42 we believe that graphene electrodes are 

promising for the detection of the electrical activities of the retina and offer an opportunity 

to investigate electrical behaviors of other neural networks. 
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Figure 1. (a) Optical image of flexible probes with graphene electrodes and gold electrodes， 

which are marked by red and blue circles, respectively. The electrode size is 20×20 µm2. 

Scale bar is 500 µm and 200 µm, respectively. (b) Raman spectrum of as-grown graphene 

under 532 nm illumination. (c) Schematic diagram of a graphene-based microfluidic 

platform. The light grey plates represent glass slides while the darker grey plate indicates 

the patterned parafilm. The red and green tubing represents perfusion and suction cannula, 

respectively. The blue structure illustrates the tubing connected to a media withdraw pump. 
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(d) Typical spontaneous spiking activities of RGCs recorded by transparent graphene 

probes. (e) A representative zoom-in view of a single spiking waveform from RGCs.  
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Figure 2. Response types of RGCs to light stimulation: (a) sustained ON, (b) transient ON, 

(c) sustained OFF, (d) transient OFF, and (e) ON-OFF. Each diagram shows a 

representative histogram and raster plot of the firing rate distributions under 1 s full-field 

illumination. Bars above the plots show the light OFF (black bar) or ON (white bar). (f) 

Frequency distribution of the RGC types. 
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Figure 3. Typical biphasic spiking waveforms: (a) regular-spiking and (b) fast-spiking.  

Typical triphasic spiking waveforms: (d) triphasic-spiking and (e) compound-spiking. 

Lighter lines indicate all spikes recorded from one experiment cycle while black lines are 

the extracted median waveform. Extracellular action potential models for (c) biphasic and 

(f) triphasic waveform spikes, respectively. The light gray boxes represent RGCs with the 

charge distributed inside and outside the cell membrane, while the dark box highlights the 

position that the action potential is located.  The orange indicator illustrates an external 

recording electrode while the black arrow shows the propagation direction of the action 

potential on the soma and axon. The illustrations in each panel are in a temporal order. 
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Figure 4. Representative median spikes: (a) biphasic and (d) triphasic waveforms of RGCs 

under high K+ stimulation. (b) and (e) are corresponding histograms of action potential 

firing rates as a function of time under high K+ stimulation. (c) and (f) are related box-and-

whisker plots of firing rate distributions of spontaneous activity and under high K+ 

stimulation, respectively. In the charts, the box ends indicate the first and third quartiles 

while whiskers mark the 5% and 95% margins. The middle line and the small square in the 

box represent the median and mean values, respectively. In addition, crosses depict the 

minimum and maximum values. Spiking activities of RGCs detected from (g) a graphene 

and (h) a gold electrode under K+ stimulation. The figures shown here are representative 

data from three independent experiments. 
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