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Abstract:

Perforated microelectrode arrays (pMEAs) have become essential tools for ex vivo retinal 

electrophysiological studies. pMEAs increase the nutrient supply to the explant and alleviate the 

accentuated curvature of retina, allowing for long-term culture and intimate contacts between the 

retina and electrodes for electrophysiological measurements. However, commercial pMEAs are 

not compatible with in situ high-resolution optical imaging and lack the capability of local 

microenvironment control, which are highly desirable features for relating function to anatomy 

and probing physiological and pathological mechanisms in retina. Here we report on 

microfluidic pMEAs (μpMEAs) that combine transparent graphene electrodes and the capability 

of locally delivering chemical stimulation. We demonstrate the potential of μpMEAs by 

measuring electrical response of ganglion cells to locally delivered high K+ stimulation under 

controlled microenvironments. Importantly, the capability of high-resolution confocal imaging of 

the retina tissue on top of the graphene electrodes allows for further analyses of the electrical 

signal source. The new capabilities provided by μpMEAs could allow for retinal 

electrophysiology assays to address key questions in retinal circuitry studies.

Keywords: microelectrode arrays, microfluidic tissue culture, graphene, retina, 

electrophysiology.
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Introduction 

Microelectrode arrays (MEAs) have played a key role in electrophysiological studies of the 

central nervous system (CNS). For retina, MEAs have been employed to demonstrate 

physiologic taxonomy and network responses of retinal ganglion cells (RGCs), which project 

long-range axons from the retina to central targets.1,2 MEA assays, using whole-mount retinas, 

provide a format to study RGC circuitry under physiologic and pathologic conditions. For 

example, electrophysiological studies of RGCs are critical for understanding neurodegeneration 

related to glaucoma, the world’s leading cause of irreversible blindness.3–5 

For MEA studies of retinal explants, inherent challenges arise due to the dramatic curvature 

of the tissue that impedes intimate contact to electrodes. This lack of adherence of the retina to 

the electrode array causes the tissue to move during perfusion, affecting physiologic 

measurements.6 These obstacles are usually dealt with by introducing anchors on top of the 

sample to flatten the retina and maintain placement.7,8 Unfortunately, slice anchors often limit 

the nutrient supply and increase the risk of damaging the tissue due to mechanical force.9,10 

Perforated MEAs (pMEAs), with electrodes patterned on a flexible and perforated polyimide 

substrate placed on top of a suction chamber, use negative pressure through suction to attach the 

tissue to the electrodes, boosting the signal-to-noise ratio9,11,12 and improving tissue longevity 

through better oxygenation. While pMEAs have been mainly used for retina, they have also been 

used for brain slices to improve nutrient supply to the bottom cell layer and promote tissue 

survival.13–16 

While pMEAs have achieved great success, the chemical environment is traditionally 

modulated by bath perfusion where the media stimulation is applied globally, which precludes 

local delivery of chemical stimulations such as pharmacological drugs. Local delivery of 
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reagents is highly desirable in ex vivo assays where it is important to control the 

microenvironment of focalized regions. In fact, focal stimulation has been attempted by releasing 

small amounts of reagents via glass micropipettes.17 For instance, Saggere and coworkers have 

incorporated a multisite chemical delivery system into commercial pMEAs to study the 

neuromodulation of photoreceptors to restore vision of degenerated retinas.12,18,19 However, the 

glass pipette-based delivery system is invasive with pipettes penetrating the tissue from the top 

and limits the possibility of applying a complex sequence of reagents.20

Another limitation of pMEAs is that the relatively large suction chamber prevents in situ 

high-resolution imaging, which can provide crucial information by directly matching physiologic 

responses to their anatomical origins. Particularly for RGCs, successful imaging could aid in the 

understanding of glaucoma progression in ex vivo models.21 For instance, intracellular Ca2+ was 

used to monitor the dynamic response of RGCs to acute pressure elevations.22 Metal MEAs are 

not suitable for high-resolution imaging, as they are opaque and block the tissue being sensed by 

the electrode. While transparent electrodes made of PEDOT:PSS,23,24 ultrathin TiN,25 and 

graphene,26 have been incorporated in various MEA platforms, no report can be found on 

integrating transparent electrodes in pMEAs that allow for high-resolution imaging.

To further enhance the capability of pMEAs, we report on a graphene electrode-based 

microfluidic pMEA (μpMEA) platform that is compatible with confocal imaging and local 

delivery of stimulation reagents. Confocal imaging of THY1.2-YFP retinas is enabled by the 

incorporation of flexible graphene electrodes, which not only have high optical transparency,27 

but also superior electrical properties28 and biocompatibility.29 We demonstrate the potential of 

this platform by probing the electrophysiologic responses of excised mice retinas under 
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controlled microenvironments. The μpMEA system could enable novel assays to address unmet 

needs in neuroscience through multimodal testing and characterization of ex vivo tissues. 

Experimental Section 

Device Design and Assembly

The μpMEA device is composed of a No. 1 coverslip as the substrate, a 100 μm thick 

polydimethylsiloxane (PDMS) open microfluidic channel layer, a 6.5 μm thick polyimide (PI) 

layer with patterned graphene electrodes (or Ti/Au for some characterization) and etched 

through-holes, and a PDMS tubing support layer with inlets and outlets for tubing as well as an 

open region in the center for retina placement. Figure 1a shows the exploded view of the device 

components. Each layer is fabricated separately and assembled via bonding (see Methods section 

for fabrication process). Importantly, the μpMEA platform is compatible with high-resolution 

imaging as the maximum distance from the bottom of the device to the retina is ~246 μm. Also, 

at 6.5 μm thickness, the PI film is still transparent, allowing for optical imaging. In fact, 

characterizations have shown that 80% of blue light (450-490 nm) can transmit 6.5 m PI film.30 

Figure 1b depicts a cross-sectional schematic of the μpMEA with local application of high K+ 

stimulation through a delivery channel. As can be seen in the anatomy of the retina, the RGC 

layer is in contact with the electrodes and holes of the PI layer.

The PDMS open channel layer holds three independent microfluidic channels: two 

symmetric suction channels to gently attach the retina to the electrodes with negative pressure, 

which was measured to be 500 ± 100 Pa using a pressure gauge sensor (MPS 1, Elveflow); and a 

200 μm wide channel in the middle for localized reagent delivery (Figure S1a). Note that 

medium is withdrawn from the outlet of the delivery channel to maintain negative pressure, 

ensuring that only the tissue directly above the delivery channel is stimulated.31
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The flexible PI film on the PDMS open channel layer serves as the substrate for 16 graphene 

or Ti/Au (10 nm/100 nm) electrodes with an interelectrode distance (edge-to-edge) of 200 μm to 

minimize the possibility of recording electrical activity of a cell from multiple electrodes. While 

graphene electrodes were used to demonstrate full capabilities through high-resolution imaging 

experiments, Au electrodes were used for initial characterization and chemical stimulation 

studies due to their easiness to be cleaned for reuse after bioassays. For the transparent 

electrodes, monolayer graphene grown by chemical vapor deposition was stripped off the Cu 

substrate by a bubbling transfer method and placed onto the target area of the PI substrate,32 

which was further patterned via photolithography and oxygen plasma etching. The Au electrodes 

are fabricated via a lift-off process with electron-beam Au deposition. As explained by Camunas-

Mesa et al., the electrode size has a drastic effect on the recording of neuronal spiking,33 and 

mid-size electrodes offer an optimal trade-off between low impedance and high signal-to-noise 

ratio. Based on our observations, electrode dimensions of 30x30 and 40x40 μm2 for graphene, 

and 60x60 and 80x80 μm2 for Au (Figure S1b,c)  provided the best trade-off between impedance 

and signal recording. Evenly distributed holes are fabricated in the sensing region of the PI 

substrate via RIE etching, resulting in a hole-to-surface-area ratio of 27%, which has been shown 

to provide adequate contact between the retina and substrate.9 Various through-hole sizes were 

selected based on previous reports to minimize damage to the retina.9,16 Lastly, a 1.2 μm thick 

SU-8 layer is used to passivate the electrode leads. 

The PDMS tubing support layer is used for structure stability. This layer holds the retina 

well, where the tissue sample is positioned, and the tubing for the inlets/outlets of the fluidic 

circuit in the bottom PDMS layer. The three layers are assembled following a stamp-and-stick 

bonding technique using a biocompatible epoxy (EPO-TEK 302, Epoxy Technology) as the 
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gluing material,34 resulting in an irreversible bond. The fully assembled device is shown in 

Figure 1c, as well as a zoomed-in view of the sensing region with transparent graphene 

electrodes (Figure 1d,e), allowing for confocal imaging of the neuronal structures on top of the 

electrode (Figure 1f). 

Figure 1. (a) Exploded view of the microfluidic-MEA components. The gray plate, blue 
structures, and red film represent the glass coverslip, PDMS layers, and polyimide layer, 
respectively. (b) A cross-section diagram of μpMEA interfaced with the retina and perforated 
flexible electrode layer (not drawn to scale). Suction channels are used to bring the retina in 
contact with the electrodes by applying gentle negative pressure, while the delivery channel is 
used to locally apply chemical stimulation directly to the ganglion cell layer. Green and blue 
spheres represent high K+ and Ames’ media, respectively. (c) Photograph of the μpMEA device. 
(d) Zoomed-in view of the μpMEA. Top and bottom chambers are the suction channels, whereas 
the middle section is the delivery channel. Scale bar is 300 μm. (e,f) Close-up view of 
transparent graphene electrode, and maximum projection confocal image of 20 optical sections 
(0.3 μm steps), indicating the transparency of the graphene probe. Scale bars are 40 μm and 30 
μm, respectively. White dashed lines in (e) and (f) outline the graphene electrode.
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The experimental set-up for recording RGC action potentials (APs) is illustrated in Figure 2. 

In the schematic, the light gray, light blue, and light red colors represent the glass substrate, 

PDMS and PI layers, respectively. Atop of the retina, a heated cannula (bright red in Figure 2a) 

is inserted into the retina well to provide heated oxygenated media, and an overflow cannula 

(dark gray in Figure 2a) is placed at the top of the retina well to prevent media overflow. Black 

arrows in Figure 2a indicate the induced flow in the delivery channel. Figure 2b shows a 

photograph of the μpMEA device mounted on the inverted microscope. 

Figure 2: Custom μpMEA set-up. (a) Schematic diagram of μpMEA platform where light gray, 
light blue, and light red represent the glass substrate, PDMS and PI layers, respectively. The 
green structure denotes the retina. The bright red and dark gray tubing represent the heated inlet 
and overflow cannulas, respectively. Black arrows illustrate the flow direction. Inverted 
microscope is located underneath the device. (b) Top-view photograph of the μpMEA platform 
mounted on the inverted epifluorescence microscope with the heated perfusion inlet (red), 
overflow cannula (metal silver – bottom left), and tubing. The electrical leads on the PI layer are 
connected to a lab-made printed circuit board zero-insertion-force connector, located at the 
bottom of the image. 

Results and Discussion

Fluidic and Electrical Characterization

First, we tested whether the μpMEAs sensed electrical signals from ex vivo retinas 

comparable to commercial pMEAs (60pMEA, MultiChannel Systems).12,18,19 To do so, we 

constructed a simple suction chamber in the 100 μm tall PDMS open channel layer with an 
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empty center region of 2 mm in diameter connected to a single 400 μm wide suction channel 

(Figure 3a). The main difference between this device and the commercial pMEA as well as other 

reported custom platforms is the distance from the PI layer to the bottom of the platform, which 

exceeds 2 mm in commercial pMEAs, rendering these platforms incompatible with high-

resolution imaging.9,18,26 

Interestingly, we found that all signals detected were from electrodes close to the suction 

channel (indicated by a white arrow in Figure 3a,b), while no signal could be recorded from the 

other side of the chamber (Figure 3b,c), which suggested an uneven distribution of the negative 

pressure in the suction chamber. Moreover, the uneven pressure and attempts to seal the entire 

chamber with stronger negative pressure proved detrimental to the health and integrity of the 

retinal tissue, producing tears at multiple locations which are identified by the darker regions in 

the fluorescence pattern (Figure 3b). This is not an issue in commercial pMEAs because the 

much larger depth of the suction chamber leads to a rather uniformly distributed negative 

pressure across the 2 mm diameter region that the holes span. To quantify the distribution of the 

negative pressure, a three-dimensional computational model was constructed using COMSOL 

MultiphysicsTM (see details in Methods). The simulation results suggest a 122% pressure 

difference between the holes located closest and furthest from the suction channel (Figure S2a,d) 

in the 100 μm tall suction chamber in the μpMEA. On the other hand, increasing the chamber 

height from 100 μm to 1 mm, similar to that in a commercial pMEA, reduced the pressure 

difference to 3% (Figure S2b,d). To alleviate the uneven pressure distribution across the through-

holes while maintaining a channel depth of 100 μm, we added a second suction channel located 

opposite from the one in Figure 3a, which reduced the pressure difference to 55% (Figure S2c,d). 

This reduction in the pressure differential was sufficient to ensure an intimate contact across the 
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entire retina for all the electrodes to be able to sense extracellular Aps and minimize tearing 

damage.

Figure 3. (a) Optical image of a one-channel μpMEA device. Scale bar is 500 μm. White arrow 
indicates the direction of the flow and suction pressure. (b) Fluorescence image of the retina 
placed on the single-channel device where tissue integrity is compromised. White arrow 
indicates the direction of the flow and suction pressure. Scale bar is 200 μm. (c) Spontaneous 
activity of RGCs sensed by the electrodes numbered in (b). The electrodes located closer to the 
microfluidic channel (white arrow in b) detect signal, whereas the ones farther from it do not. (d) 
Optical image of the final version of μpMEA. Top and bottom chambers (1,2) are the suction 
channels, whereas the middle section is the delivery channel (3). Scale bar is 500 μm. (e) 
Fluorescence image of the retina placed on the final μpMEA device where tissue is healthy. The 
blue dashed lines indicate the delivery channel. Scale bar is 200 μm. (f) Spontaneous activity of 
RGCs sensed by the electrodes numbered in (e). Spiking activity with good signal-to-noise ratio 
is visible on most electrodes. Note that the data shown in (b) and (f) is displayed through a 500 
Hz high-pass filter for better visualization of spiking activity.

To introduce the capability of delivering local chemical stimulation to the retina, a 200 μm 

wide channel was added through the center of the suction chamber, dividing the platform into 

two symmetric regions (Figure 3d – regions 1, 2 and 3 are the suction chambers and the delivery 

channel, respectively). Four of the 16 electrodes were placed on the microfluidic delivery 

channel to measure the response of the RGCs that are in direct contact with the reagents flowed 
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through the delivery channel. As shown in Figure 3e,f, this configuration better stabilizes the 

retinal structure with much improved tissue integrity, and ensures an intimate contact of the 

entire retina for most electrodes to be able to sense extracellular APs. In our chemical stimulation 

experiments, retina was probed for 4 hours by using slight vacuum pressure which allowed tissue 

morphology to remain intact and APs to be detected with high reliability.  

Figure 4a shows the spontaneous firing activity recorded by electrode 1 in Figure 3e before 

(Suction OFF) and after (Suction ON) suction through the holes was initiated, indicating that 

negative pressure is essential for reducing the inherent curvature of the retina and consistently 

obtaining robust recordings of RGC action potentials. When tissue preparation and positioning 

are adequate, activity can be sensed from most of the electrodes. However, when the retina is 

folded or is not flat enough on the flexible electrode layer, signals are, in most cases, impossible 

to measure.

One key factor in this design is that the hydraulic resistance of the delivery microchannel is 

significantly smaller than the combined hydraulic resistance of the through holes and the porous 

retinal tissue. This ensured even contact (sealing) of the through holes on top of the delivery 

channel with retinal tissue. An important consideration is the positioning of the optic-nerve-head 

(ONH), which is the structure in the posterior ocular part of the retina where RGC axons exit the 

eye and project through the optic nerve.35 This aggregate of axon bundles results in an uneven 

surface,9 producing poor contact with the nearby electrodes. As depicted in Figure 4b,c, placing 

the ONH directly on the delivery channel results in poor sealing of the through-holes, causing 

leakage from the retina well to the delivery channel when performing local stimulation (blue 

color dye – Figure 4b). Therefore, retinal placement is crucial. 
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To achieve best fluidic isolation and full seal of the delivery channel, the ONH should be 

positioned on top of either suction channel distal to the delivery channel. This was demonstrated 

by flowing and maintaining blue color dye to the delivery channel using negative pressure, as 

shown in Figure 5a. 

Figure 4. Spontaneous activity sensed by electrode 1 in Figure 3e likely in contact with an RGC 
body before (suction OFF) and after (suction ON) negative pressure is started at the outlet of the 
channel. (b) Optical image of a retina placed on top of the microfluidic-MEA device where the 
ONH is placed partially on the delivery channel. This positioning causes leakage and poor 
sealing of the through-holes due to the non-flat area surrounding the ONH. (c) Corresponding 
fluorescence image to (b). ONH, blood vessels, axons, and RGCs are all visible.

Electrophysiology Characterization

Next, we demonstrate the capability of the μpMEAs to sense RGC electrophysiologic 

activities in a controlled microenvironment. To showcase the local delivery of pharmacological 

agents, we tested the response of ex vivo retina to extracellular potassium (K+) stimulation, as 

this response is well documented.36,37 Prior to stimulation, the integrity of the tissue was assessed 

by epifluorescence imaging, and measurements of spontaneous and light-evoked spike activity 

(Figure S3) with broad-spectrum photopic illumination (tungsten lamp; 3.5 log cd/m2) in Ames’ 

medium.26,37 Once stable patterns of spontaneous activity were observed, Ames’ medium 

containing 22 mM K+ was flowed into the delivery channel (Figure S4 depicts the experimental 

design) for a duration of 90 s (as depicted by the green shadowed region in Figure 5c). 
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Afterwards, we discontinued K+ stimulation and switched to baseline Ames’ medium for at least 

15 minutes to give the retina enough relaxation time between stimulation sequences. This 

chemical stimulation scheme was repeated up to three times per retina during the 

electrophysiological measurements. The cells sensed by the four electrodes located directly on 

the delivery channel depicted a standard response to high K+ stimulation (Figure 5c – electrode 1 

in Figure 5a), characterized by a sharp increase in the firing rate when the high K+ medium first 

reaches the tissue on top of the delivery channel. This induced neuronal depolarization is 

followed by a depletion period where firing activity ceases due to insufficient ion concentration 

and inactivation of voltage-gated channels, resulting in depolarization block.38 Once the high K+ 

medium was removed, RGCs entered a refractory period before resuming normal spontaneous 

activity around the timepoint of 7:30 min. 

Figure S5 illustrates the different responses detected by the electrodes located away from 

the delivery channel with 22 mM K+ media, which were categorized as strong (a), mild (b), and 

weak (c), depending on the degree of similarity to a standard response to high K+, as explained 

above. Interestingly, a large percentage of electrodes located away from the delivery channel 

detected strong firing responses, similar to the electrodes located on the delivery channel (Figure 

5d - electrode 2 in Figure 5a). This suggested that RGCs responded to high K+ stimulation even 

if they were not in direct contact with high K+ medium. We noted spreading of depolarization 

block in cells located on electrodes across the entire sensing region, and the response to high K+ 

stimulation was not diminished even over 600 μm away from the delivery channel. We only 

considered strong responses of electrodes off delivery channel (Figure S5a) to be correlated to 

the ones from electrodes on the delivery channel. To compare the possible correlated activity, the 

time when firing ceased and resumed were measured (Figure S6). Statistical analysis based on 
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data collected from 7 recordings of different retinas gave an average time delay of 10.3 ± 5.5 s 

for ceasing activity between two electrodes located 230 μm apart that are on and off the delivery 

channel, respectively. Also, the refractory period was, on average, 25.2 seconds shorter for the 

off-delivery channel electrode as compared to the electrode located on the channel. This is 

reasonable as the RGCs located off the delivery channel were continuously bathed with baseline 

Ames’ medium and it takes some time for the baseline Ames’ to replace the high K+ medium in 

the delivery channel.

Gap Junction Contribution to Intercellular RGC Communication

Given the fluidic isolation provided by our device (Figure 5a), we hypothesized that the 

observed correlated depolarization block induced by high K+ was mediated by intercellular 

communication. Consistent with this hypothesis, it has been shown that correlated activity can be 

orchestrated by a multitude of neuronal and glial processes controlling firing and 

refractoriness.39,40 In retina, RGC networks have shown a high level of correlated activity (over 

50% of all RGC activity).41,42 In particular, gap junctions, which regulate correlated firing in 

RGCs and K+ buffering among astrocytes,43–45 were an appealing target to test as the source of 

correlated depolarization block. 

To test the hypothesis that gap junctions mediated the observed correlated depolarization 

and rule out other possibilities such as potassium diffusion through the porous retina tissue, 

water-soluble carbenoxolone gap junction blocker (CBX) was applied globally to the retina 

during local stimulation to temporarily inhibit gap junction mediated signaling (Figure S4 depicts 

the experimental strategy). Others have shown 50 to 100 μM of CBX eliminates all electrical 

coupling through gap junctions in retinal circuitry.46 Therefore, we first identified electrodes 
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located off the delivery channel with potential correlated responses to those located on the 

delivery channel. Once the spreading depolarization block occurred, we then examined whether 

CBX effectively stopped the correlated response to locally delivered K+. After a recovery period, 

we switched the global supply to the retina well from baseline Ames’ to Ames’ mixed with 100 

μM of CBX (Figure 5b,e show the case when the retina is bathed with baseline Ames’ and 

Ames’ containing 100 μM of CBX, respectively). Then, we repeated the local delivery of high 

K+ stimulation as previously described (depicted by the green shadowed region in Figure 5f). 

Interestingly, the firing pattern sensed by the electrodes on the delivery channel is the same as 

previously observed when using baseline Ames’ as the global bath medium (Figure 5f – 

electrode 1 in Figure 5a). On the other hand, RGCs sensed by electrodes located off the delivery 

channel no longer produced correlated responses, and instead, generated spontaneous firing 

patterns (Figure 5g – electrode 2 in Figure 5a). After seven tests with different retinas, 23 

electrodes off the delivery channel detected depolarization block when the global bath was 

baseline Ames’, and only one electrode maintained the same response when CBX was globally 

applied (Figure 5h). This strongly suggests that the correlated response of neurons located on and 

off delivery channel when locally stimulated with high K+ was primarily due to signal 

transmission through gap junctions. 
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Figure 5. (a) Optical image of a retina placed on top of the µpMEA device while delivery of 
blue color food dye. Scale bar is 200 μm. (b) Schematic diagram showing the retina being 
globally bathed by Ames’ (blue) while high K+ (green) flows through the delivery channel. 
Black arrows indicate the flow direction. (c,d) Response sensed by electrode 1 and electrode 2 to 
locally delivered K+ stimulation during a constant bath of baseline Ames’ medium (electrodes 
shown in a). Electrode 2 is 160 μm from the delivery channel. (e) Schematic diagram showing 
the retina being globally bathed by Ames’ with 100 μM of CBX (orange) while high K+ (green) 
flows through the delivery channel. (f,g) Response sensed by electrode 1, and electrode 2 to 
locally delivered K+ stimulation during a constant bath of Ames’ with 100 μM CBX medium. (h) 
Number of detected APs located off delivery channel that experienced depolarization block due 
to locally delivered high K+ stimulation while globally bathed with Ames’ (blue) and global 
CBX (orange).

Spike Waveform Analysis

The spike waveforms detected by an electrode on the delivery channel were also compared 

during the different global and local stimulations (Figure 6). Upon global high K+ stimulation, 

the waveforms grew wider than when globally bathed by Ames’ (Figure 6a,b), as previously 

noted in literature.37 Interestingly, when the RGCs were locally stimulated through the delivery 

channel with the same high K+ medium while being globally bathed by Ames’ or CBX, the 

waveforms did not show significant changes (Figure 6c-f). One possible explanation for the 

increase in the AP half width during global stimulation with high K+ is due to the response of 
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upstream elements of RGC receptive fields (photoreceptors, bipolar cells, etc.). In contrast, 

during the local delivery of the same chemical, only the nerve fiber and RGC layer are expected 

to be in contact with the stimulant, while the probed region is still bathed from the top and 

perfused with Ames’ or CBX, which renders a different microenvironment for the RGC 

receptive fields from the RGC layer.

Figure 6. Comparison of AP waveforms of RGCs located on the delivery channel under 
different stimulations. (a,b) Firing rate and AP shapes under global Ames’ (blue) and global 22 
mM K+ media (green). (c,d) Firing rate and AP shapes under global Ames’ (blue) and locally 
delivered 22 mM K+ media (green). (e,f) Firing rate and AP shapes under global Ames’ (blue), 
global CBX (orange) and locally delivered 22 mM K+ media (green). The waveforms represent 
the median waveform of all the spikes detected during the different stimulations in one 
experiment. The waveforms of 6 RGCs from different experiments were studied for each 
scenario, depicting similar results. 

High-Resolution Imaging Through Graphene Electrodes

Next, we demonstrate the capability of high-resolution imaging through the graphene 

electrodes. After the electrophysiologic measurements, we performed confocal microscopy of the 

retina and transparent electrodes to recover the anatomical origins of recorded action potentials. 

Two examples are depicted in Figure 7. Unambiguous somatic (biphasic) and axonal (triphasic) 
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spikes were recorded with the graphene electrodes.47,48 It is known that the waveforms depend on 

whether the signal is from a cell soma or an axon,26 whereas the relative amplitude of the signal 

is closely related to the proximity of the source to the electrode.7 Figure 7a shows a graphene 

electrode (edges depicted by white-dashed lines) where an axon bundle and a soma are on top of 

the probe in close proximity in the vertical direction. Two distinct spikes were sensed by this 

electrode showing triphasic (Figure 7c) and biphasic (Figure 7d) waveforms. In Figure 7e, 

several axon bundles and somas are near the graphene probe. However, only biphasic spikes 

(Figure 7f-h) were recorded by the electrode, which is likely due to retinal deformation. These 

results clearly show that the graphene-based μpMEA is compatible with in situ high-resolution 

confocal imaging, which should allow for simultaneous electrical and optical measurements of 

the retina electrophysiological activities.  

Figure 7. (a) Confocal maximum projection image of a graphene electrode in close proximity to 
an axon bundle and a soma. (b) Spontaneous firing activity recorded by the probe with a 
triphasic (c), and biphasic (d) waveforms. (e) Confocal maximum projection image of a second 
graphene electrode located near three somas and axon bundles. The graphene probe recorded 
spontaneous firing activity of three distinct biphasic waveforms (f, g, h).

Conclusion
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In summary, we have constructed a graphene electrode-based μpMEA platform with the 

capability of locally and directly delivering chemical reagents from the bottom fluidic circuit to 

the axon and RGC layer of the retina. Successful recordings of the electrical activity of the 

neuronal processes in the retina have been achieved, which showed response to high K+ 

stimulation through the delivery channel. We observed correlated responses from electrodes on 

and off the delivery channel, which was attributed to intercellular communications through gap 

junctions. High-resolution confocal imaging through the graphene electrodes of the neuronal 

processes probed during the electrophysiological recording was obtained, which could help to 

correlate the electrical signals with the neuronal processes. This platform could also be applied 

for electrophysiological studies of other electroactive tissues such as brain slices, cardiac tissues 

or 3D cultures, which could benefit from the capability of locally delivering chemical probes 

through negative pressure to avoid widespread and uncontrolled leakage over tissue. In addition, 

combining electrical measurements with high-resolution imaging through transparent electrodes 

could open new avenues of ex vivo tissue studies through additional sensing modalities to 

understand electrophysiological activities of the central nervous system. 

Methods

Animal Procurement and Ethics Statement

All experimental procedures involving animals were approved by the Vanderbilt University 

Institutional Animal Care and Use Committee (IACUC) under protocol M1600235 and align 

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

Association for Accreditation of Laboratory Animal Care (AAALAC). We obtained founder 

B6.Cg-Tg (Thy1-YFP) 16Jrs/J mice from The Jackson Laboratory (Catalog #003709, Bar 

Harbor, ME) to establish a colony at the Vanderbilt Division of Animal Care. These mice were 
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crossed with the female wild-type B6/129 mice and their YFP+ offspring was used for this study. 

Mice were maintained on a 12-h light cycle and provided food and standard rodent chow as 

desired. Animals were euthanized approximately 3.5 h following light onset (9:30 AM) 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 (1370 u/mL, Worthington Biochemical Corporation) for 10 min at room 

temperature. After enzyme treatment, the vitreous body was removed to ensure intimate contact 

between the retinal ganglion cell layer and electrodes. Finally, 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 sensing electrodes.

Device Fabrication

The open channel PDMS layer is fabricated following a modified soft-lithography technique 

from a master SU-8/Si mold.49,50 Briefly, after thoroughly cleaning a Si wafer, 100 μm thick SU-

8 2050 (MicroChem; Newton, MA) was spun on the wafer and baked before exposure. Then, 

photolithography was performed using a Karl-Suss Mask Aligner MA6 with 365 nm wavelength 

light. Finally, the SU-8 structure was baked once more and developed, to finalize the master 

mold. Before preparing the PDMS, the master mold was silanized by placing it in a desiccator 
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for 30 min with trichloro (1H,1H,2H,2H-perfluorooctyl) silane (97%, Sigma-Aldrich; Saint 

Louis, MIS) to decrease the adhesion between the cured PDMS film and the SU-8 structures.50 

The modified soft-lithography technique consisted first in mixing liquid PDMS (SYLGARD 184 

Silicone Elastomer Kit, Dow Corning) at a 7.5:1 ratio of pre-polymer to curing agent and poured 

over the mold. To remove air bubbles entrapped in the mixture, the master was put into a 

vacuum chamber at room temperature for 30 min. Then, a fluorinated release liner (ScotchpakTM 

1022 Release Liner, 3 M) was placed on the SU-8 structure, as well as a 5 mm thick PDMS pad 

where 4 kg of weight were rested on.50,51 The sandwiched structure was then cured at 80°C for 3 

h. Once cured, the PDMS structure was bonded to a No. 1 glass coverslip via oxygen (O2) 

plasma treatment and the release liner was peeled off from the PDMS, leaving an open channel 

device on the coverslip (Figure S1a).

The flexible polyimide (PI) fabrication process starts with spin-coating PI 2611 (HD 

Microsystems) at 2300 rpm on a clean silicon wafer. After a quick soft-bake at 50°C for 10 min, 

the wafer was cured in a programmable oven with a nitrogen atmosphere; and the inside 

temperature was ramped to 300°C at a rate of 4°C/min, where it was held for 3 hr, resulting in a 

thickness of 6.5 μm. 16 Ti/Au (10/100 nm) electrodes were fabricated following the standard lift-

off technique. In order to have an intimate contact between the retina and the platform, the total 

area of holes should be at least 23% of the total area covered by retina (2 mm).9 In our design, 

through-hole diameters span 10, 15, 25, 35, 50 and 60 μm, resulting in a total hole area ratio of 

27%. To prepare the holes, a positive photoresist mask SPR220 (SPR 220-7.0 Shipley) was 

patterned via photolithography. Dry etching of the PI was conducted by combining reactive ion 

etching and induced coupled plasma (RIE-ICP) with O2 and CF4 gas flow using an etcher (Trion 

Phantom II), resulting in an etch rate of about 1 μm/min.52 Once the through-holes were fully 
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etched, the photoresist mask was removed in an acetone bath. 1.2 μm thick SU-8 (SU-8 2002 

Microchem) passivation layer was then patterned using photolithography. Figure S1c shows a 

bright-field image of the PI layer with sixteen 60x60 and 80x80 μm2 Ti/Au electrodes as well as 

the etched through-holes and SU-8 passivation layer. 

Graphene electrode fabrication followed a similar approach. The metal Ti/Au 

(10nm/100nm) leads were patterned on PI following the lift-off technique. Through-holes were 

structured via dry etching with 15 μm thick SPR photoresist as an etching mask. The graphene 

layer was grown using a standard chemical vapor deposition (CVD) method,53 and transferred to 

the PI substrate, using a bubbling transfer method.32 Lastly, the graphene probes were defined 

via photolithography and dry etching with O2 plasma, followed by integrating the SU-8 

passivation layer with open graphene windows, outlined by white dashed lines (Figure S1b). The 

PI film could then be easily peeled off from the silicon wafer using a scalpel and tweezers. 

The PDMS tubing support layer provides structure stability to the platform. The total 

thickness of the PDMS slab is 4 mm. Through-holes were manually punched at the inlets/outlets 

and at the center region to form the retina chamber with 1.5 mm and 10 mm gage biopsy 

punchers, respectively.

The three layers were assembled together following a stamp-and-stick bonding technique 

using a biocompatible epoxy (EPO-TEK 302, Epoxy Technology) as the gluing material.34 

Briefly, components A and B of the epoxy were mixed and spin coated (4000 rpm, 2 min) on a 

clean silicon wafer, resulting in a bond line 8 μm thick that is transferred to the open channel 

PDMS layer, and then brought together to the PI layer. The irreversible PDMS-PI bond was 
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tested through leakage test with a pressure gauge sensor (MPS 1; Elveflow, Paris, France), which 

yielded an average bonding strength of 350 kPa, similar to a PDMS-glass bond via O2 plasma.54

Experimental Set-Up, Ex vivo Recordings, and Data Analysis

The µpMEA platform was affixed to the stage of an Olympus IX-81 inverted 

epifluorescence microscope. Medium temperature was oxygenated and maintained at 36C by a 

perfusion inlet. An overflow cannula prevented media overflow. Figure 2 illustrates the 

electrophysiology set-up on the inverted microscope. The suction and delivery channels are 

connected to two syringe pumps (11 Elite Pump, Harvard Apparatus) to induce a controllable 

negative pressure (Figure S4). 

The electrical leads of the electrodes were clamped to a lab-made printed circuit board zero-

insertion-force connector (green piece in Figure 2b) and connected to a 16-channel amplifier 

(RHD2132, Intan Technologies). During the experiment, voltage is recorded at a sampling rate 

of 20 kHz relative to a reference electrode that is in contact with only the conductive media 

during the recording. Spike sorting was performed, using Plexon Offline Sorter. Butterworth 

filter was used during analysis followed by thresholding spikes based on their amplitude. 

We recovered architecture of THY1.2-YFP retinas in relation to upMEA graphene 

electrodes using confocal microscopy. We used a Nikon Eclipse Ti inverted microscope with 40x 

oil-immersion objective equipped with a Yokogawa CSU-X1 spinning disk head. We obtained 

0.3 µm serial images in the z direction and created maximum projection images using ImageJ. 

COMSOL Simulation

A computational model was developed using COMSOL MultiphysicTM to better understand 

the pressure distribution across the perforated PI layer. A three-dimensional model, employing 
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single-phase laminar flow physics was used to simulate the pressure distribution across the holes. 

For simplicity, the number of holes were reduced from hundreds to 65, with a uniform diameter 

of 50 μm. Also, the holes were equally distributed in the x and y directions with a pitch of 180 

μm, as shown in Figure S2. A constant atmospheric pressure was applied to the inlet in the retina 

chamber, while a constant negative pressure that provides a flowrate of 25 μl/min was set at the 

outlet in the outflow direction, similar to the flowrate used in the experiments. No-slip boundary 

condition was applied to the entire channel wall and the fluid selected was water with a density 

of 1000 kg/m3 and a viscosity of 8.9 x 10-4 Pa·s. 

Figure S2a,d show the pressure plots and statistical analysis for the one vacuum channel 

μpMEA with a 100 μm tall chamber, as presented in Figure 3a. Simulation results corroborated 

our experimental observations, depicting a 122% pressure difference between the holes located 

closest and furthest from the suction channel. Two other chamber configurations were simulated. 

First, a one vacuum channel configuration with a 1 mm deep chamber, similar to a commercial 

pMEA,9 showed a 3% pressure difference (Figure S2b,d). To alleviate the pressure variation 

across the through-holes while maintaining a channel depth of 100 μm for high-resolution 

imagining, a second vacuum channel was added, which was placed at the opposite side from the 

one in Figure S2a. The addition of the second channel reduced the percentage difference in 

pressure to 55% (Figure S2c,d). 

Light Induced Stimulation of the Retina

In addition to chemical stimulation with high K+ medium or gap junction blocker CBX, we 

also performed recording of light-evoked spike activity to investigate the healthiness of the 

sample. For a detailed explanation of using graphene transparent electrodes to detect direct 

changes in RGC activity evoked by light stimulation, we refer the reader to Zhang et al.26 RGC 
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light responses depend upon their receptive field elements.55 RGCs are often typified as 

depolarizing to light increments (ON type), depolarizing to light decrements (OFF type), or 

depolarizing to both light onset and offset (ON-OFF type).7,56 During our characterization of the 

tissue health, we identified the 3 major types of RGCs: ON, OFF, and ON-OFF types under 1 s 

of white light stimulation, which demonstrated a good response to light stimulation (Figure S3). 

μpMEA Set-Up for Gap Junction Blocker Experiment

The strategy to test whether the spread depolarization block is due to locally delivered high 

K+ medium is described in Figure S4. Rectangles with black outline borders are the reservoirs 

containing the different media. Syringe pumps are used to apply a uniform negative pressure 

(suction) at the outlets of the suction and delivery channels. Gray lines indicate the path of 

baseline Ames’ and gap junction blocker medium from the reservoirs into the μpMEA platform 

applied globally. Outlets of the suction channels are connected to Syringe Pump 1. Purple lines 

indicate the path of baseline Ames’ and 22 mM K+ stimulants from the reservoirs into the 

delivery channel for local delivery. The single outlet of this channel is connected to Syringe 

Pump 2 to apply a negative pressure to flow in the reagents as well as bind the retina to the 

electrode substrate. Several gate valves that control the flow from each reservoir are indicated in 

the diagram as well as a temperature controller.

Time Analysis of Spread of High K+ Depolarization Block

Figure S6 shows a timeline study where the tissue was locally stimulated by K+ medium 

through the delivery channel. The red and green lines depict the depolarization block and 

recovery detected by the electrodes located ON and OFF the delivery channel, respectively, 

which correspond to electrodes 1 and 2 of the optical image in Figure 5a. The OFF channel 
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electrode (electrode 2 in Figure 5a) is 160 μm away from the delivery channel. The correlated 

response of the electrode off the delivery channel becomes obvious when firing ceases 12.5 

seconds after the electrode located on the delivery channel, which is in direct contact with high 

K+. After the recovery period, activity reappeared 17.0 seconds earlier on the electrode off the 

delivery channel. The earlier appearance of firing activity in the OFF electrode can be explained 

by the continuous perfusion of baseline Ames’ medium through the holes in the suction 

channels. In the delivery channel, baseline Ames’ medium is introduced after the stimulation, 

therefore taking a longer time to reach the tissue. 
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