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Abstract 

Electronic retinal implants for the blind are already a market reality. A world wide effort is underway to 

find the technology that offers the best combination of performance and safety for potential patients. 

Our approach is to construct an epi-retinally targeted device entirely encapsulated in diamond to 

maximise longevity and biocompatibility. The stimulating array of our device comprises a monolith of 

electrically insulating diamond with thousands of hermetic, microscale nitrogen doped ultra-

nanocrystalline diamond (N-UNCD) feedthroughs. Here we seek to establish whether the conducting 

diamond feedthroughs of the array can be used as stimulating electrodes without further modification 

with a more traditional neural stimulation material. Efficacious stimulation of retinal ganglion cells was 

established using single N-UNCD microelectrodes in contact with perfused, explanted, rat retina. 

Evoked rat retinal ganglion cell action potentials were recorded by patch clamp recording from single 

ganglion cells, adjacent to the NUNCD stimulating electrode. Separately, excellent electrochemical 

stability of N-UNCD was established by prolonged pulsing in phosphate buffered saline at increasing 

charge density up to the measured charge injection limit for the material. 

 

Introduction 



 

The emergence of electronic retinal implants has the potential to significantly improve the lives of 

people suffering from several diseases that cause blindness [1-3]. The majority of existing implants 

consist of an array of electrodes that are surgically implanted into a position on or near the damaged 

retina. Data from the visual field is mapped onto the electrode array and the retina is electrically 

stimulated accordingly. Currently, three implantation locations for the electrode array dominate, 

namely; epiretinal (on the inner retina) [4,5], sub-retinal (between the retina and the choroid) [6-8] or 

suprachoroidal (between the choroid and the sclera) [9]. A representation of the visual field is typically 

captured either by a camera worn by the user or by a photodiode array on the retinal device itself. 

Visual data from a camera can be sent to the retinal implant via either a wired or wireless link (Fig. 1). 

Photodiode arrays on a retinal implants have the advantage that the diodes can be directly mapped to 

stimulating electrodes such that the image transduction and stimulating array move with the eye.- 

The disadvantage of photodiode arrays is that they are electronically relatively simple giving the user 

limited control of stimulation parameters or image manipulation [6]. Alternatively, data fed from a 

camera source can be relayed to a stimulating array in many different ways potentially making the 

device useful under a wider variety of conditions and better able to adapt to varying user needs 

and developments in information technology. The current generation of implants have sufficient 

resolution to aid the user with basic navigation [5] and in some instances reading of large high 

contrast print [6]. An aim for future devices is to achieve higher resolution and consequently a more 

useful and naturalistic visual experience for patients. Materials selection for fabrication of electronic 

implants is critically important, in particular where the device is exposed to the body. To protect the 

device’s electronics from the body, the device must exhibit excellent hermeticity. To protect the user 

from the device, it must additionally exhibit biocompatibility and biochemical stability. All materials 

must be resistant to sterilisation procedures, mechanically robust, and sufficiently biochemically 

inert to operate continuously, potentially for decades. Diamond is a material that possesses all of 

these properties. The chemical and mechanical stability of diamond is well known. The device being 

developed as part of the Bionic Vision Australia (BVA) initiative is an epiretinal design that will 

interface with a head-mounted camera. The stimulating array and electronics capsule of this device 

will be fabricated entirely from diamond. The form of the current generation of the Bionic Vision 

Australia (BVA) epiretinal device, as shown in Fig. 2(a), incorporates a diamond capsule which 

houses the stimulator electronics and feedthrough array, soft silicone wings, retinal tack attachments 

as well as a data and power lead. The device will utilise electrically insulating polycrystalline diamond 

and electrically conducting NUNCD, both of which have been shown to exhibit excellent 

biocompatibility [10,11]. The limited use of diamond in electronic devices can be attributed to the fact 

that diamond is difficult to shape and manipulate due to its extreme hardness and lack of ductility.We 

have developed a suite of techniques for manipulating diamond structures including fabrication of 

capsules, microneedles [12] and high numbers of conducting diamond feedthroughs in monolithic 

polycrystalline diamond films. A micrograph of our diamond electrode interface array is shown in Fig. 

2(b) and (c). The array is constructed from a flat sheet of electrically insulating polycrystalline 

diamond through which feedthrough holes are cut. The feedthroughs are backfilled with conducting N-



UNCD. Of critical importance to the long term efficacy of an electronic retinal prosthesis is the 

electrochemical performance of the electrodes that are physically in contact with the retina. The 

electrodes must be able to deliver enough charge to evoke action potentials from ganglion cells whilst 

remaining within safe voltage limits [13]. In electrochemical terms this translates to a high electrode 

capacitance. We have previously shown that N-UNCD can be coated with platinum or 

electrochemically formed iridium oxide to increase charge injection [14]. Though coating of the N-

UNCD feedthroughs with a high charge injection material is an option, it is one that comes with 

associated risks (e.g. delamination) [15]. It is advantageous both in terms of risk mitigation and 

fabrication simplicity if the N-UNCD feedthroughs can be used as the stimulating electrodes. We have 

previously established that by tailoring growth conditions and electrochemical activation the charge 

injection capacity (Qc) of N-UNCD can be increased to values where neural stimulation becomes 

feasible [14]. Here we demonstrate that NUNCD can effectively stimulate retinal ganglion cells 

(RGCs) whilst remaining within electrochemical limits. We also show that N-UNCD exhibits very 

stable electrochemistry over extended use even when operating at the predefined electrochemical 

limits. Efficacious stimulation of RGCs is demonstrated by direct stimulation of RGCs in explanted rat 

retina. Responses from individual RGCs were recorded using the patch clamp recording technique. 

The collated threshold charge values required to affect a ganglion response are compared to the 

charge injection value established for the N-UNCD electrodes showing that efficacious stimulation 

was achieved well within the predefined electrochemical limits. 

 

Materials 

 

2.1. N-UNCD microelectrode fabrication and characterization 

 

2.1.1. Fabrication 

Fifty micrometre (mm) thick films of N-UNCD were grown in an Iplas microwave plasma assisted 

chemical vapour deposition (CVD) system. Samples were grown with a gas mixture of 20:79:1 

N2:Ar:CH4 under conditions that have been described in detail elsewhere [14]. Single 200 x 200 mm 

square N-UNCD electrodes were prepared for retinal electrophysiology experiments (Fig. 3(a)). A 0.5 

mm wide strip of N-UNCD was brazed to 100 um thick tantalum foil in a high vacuum thermal 

annealer using a commercial diamond brazing alloy. Individual electrodes were cut from the brazed 

diamond/tantalum using a laser cutter (Oxford Lasers). The size of the electrode was reduced to 200 

x 200 um by laser milling of the excess diamond.  The metal shaft was insulated by placing a bead of 

silicone rubber on the electrode face under a microscope and then hand painting the tantalum shaft 

and electrode sides with epoxy resin. Finally the silicone rubber bead was removed to reveal only 

the face of the N-UNCD electrode and a final layer of silicone was applied to the shaft and the sides 

of the N-UNCD electrode. Electrical connection to the stimulator was made through the tantalum 

shaft. Electrode arrays for electrochemical stability studies were four 600 mm diameter round discs of 

N-UNCD, synthesized under the same growth conditions (Fig. 3(b). The N-UNCD was cut by laser 

and glued to pads on a custom designed flexible printed circuit board (flexible circuits, USA) using 



conductive epoxy (Circuitworks, chemtronics, USA). The electrodes were isolated by painting 

insulating epoxy resin around the electrodes and over the flex circuit under a microscope. Both types 

of electrodes were electrochemically activated by three cyclic voltammograms (CVs) from 200 mV to 

2.5 V vs. Ag/AgCl at a scan rate of 100 mV s_1 in pH 7.4 50 mM phosphate buffer with 0.13 M NaCl 

(PBS), according to our previously established protocol [14]. 

 

2.1.2. Electrochemical characterization 

All cyclic voltammetry (CV) and some chronopotentiometry was conducted using an eDAQ EA163 

potentiostat and a conventional 3 electrode electrochemical cell arrangement with a 1 M Ag/AgCl 

reference electrode and a platinum wire counter electrode in PBS. 

 

2.2. Electrochemical stability assessment 

Interleaved stimulation of four 600 um diameter N-UNCD disk electrodes was performed with a 

custom-built stimulator at current levels of 200 uA, 700 uA, 1200 uA and 1700 uA for 7 days such that 

all electrodes were subjected to a pulse frequency of 50 Hz. The range of current amplitudes was 

chosen to span the charge injection limit range N-UNCD. Biphasic, cathodic first, charge balanced 

pulses of 500 us/phase and 25 us interphase duration were used. A platinum wire with capacitive 

coupling (10 uF) served as the counter electrode. All electrodes were short circuited together between 

pulses. Current and voltage waveforms (vs. Ag/AgCl reference electrode) were recorded daily (PXI-

4072, National Instruments, USA). Stimulation was performed in PBS, replenished daily, at room 

temperature, in a paraffin film (Parafilm M, Pechiney, USA) sealed petri dish. Scanning electron 

microscopy (SEM) of all electrodes was performed before and after stimulation using a JEOL JSM-

5910 microscope. 

 

2.3. Explanted rat retina electrophysiology 

 

2.3.1. Ethical approval 

Methods conformed to the policies of the National Health and Medical Research Council of Australia 

and were approved by the Animal Ethics Committee of the University of Melbourne. 

 

2.3.2. Retinal wholemount preparation 

Detailed procedures have been described previously [16]. In brief, data came from 5 pigmented Long 

Evans rats ranging in age from 5 to 9 months. Animals were anaesthetized with a mixture of Ketamine 

(100 mg kg_1) and Xylazine (10 mg kg_1) and enucleated. After enucleation, rats were killed with an 

overdose of Sodium Pentabarbitone (350 mg, intracardiac). Retinal wholemounts were placed, 

ganglion cell layer up in the recording chamber (Warner Instruments, Hamden, CT USA, RC- 26GLP) 

and perfused (4e6 ml min_1) with carbogenated Ames’ medium (SigmaeAldrich, St. Louis, MO) 

heated to 34 _C. The chamber was mounted on the stage of an upright microscope (Olympus, 

BX51WI) equipped with a 40 _ water immersion lens and visualized with infrared optics on a monitor 

with 4 _ additional magnification. 



 

2.3.3. Physiological data collection and analysis 

To obtain a whole cell recording, we first made a small hole in the inner limiting membrane and optic 

fibre layer overlying a ganglion cell [16e18]. Recordings were limited to RGCs exposed during this 

procedure that had smooth surfaces and a granular cytoplasm. The pipette internal solution contained 

(in uM): K-gluconate 115, KCl 5, EGTA 5, HEPES 10, Na-ATP 2, Na-GTP 0.25; (mOsm ¼ 273, pH 

adjusted to 7.3 with KOH) including Alexa Hydrazide 488 (250 uM) and biocytin (0.5%). Whole cell 

current clamp recordings from retinal ganglion cells were obtained with standard procedures [19]. 

Initial pipette resistance ranged between 3 and 7 MU. After obtaining a gigaohm seal and rupturing 

the cellular membrane, the pipette series resistance was measured and compensated with the bridge 

balance circuit of the amplifier. Resting potentials were corrected for the change in liquid junction 

potential that occurs upon break-in and cell dialysis. The liquid junction potential was measured 

directly as _5 uV [20]. No capacitance compensation was employed. Membrane potential was 

amplified (BA-1S, NPI), digitized with 16 bit precision at 20 kHz (USB-6221, National Instruments) and 

stored in digital form. The data collected were analysed off-line with custom software developed in 

Labview (National Instruments). Cells were excluded from analysis if they exhibited marked 

instability of their resting potential or if their action potentials did not overshoot 0 mV. Once a quality 

recording was established, we measured each cell’s response to biphasic (cathodic first) current 

stimuli of varying amplitude generated by the stimulator (Multi-Channel Systems, Germany) and 

delivered through a single diamond electrode (200 x 200 um) placed upon the inner limiting 

membrane of the retina immediately adjacent to the recorded cell. Contact with the inner limiting 

membrane was evident when deformation of the surface of the retina could be seen under the 

microscope. In all cases, pulse duration of 500 us per phase with an interphase gap of 25 us was 

used. Each stimulus amplitude was repeated 10 times at a frequency of 1 Hz to generate an intensity 

response function where response was defined as the percentage of stimuli that evoked one or more 

action potentials. Individual action potential waveforms were extracted from the stimulus artefact by 

recording a subthreshold stimulus artefact, scaling it to the appropriate current amplitude, and 

subtracting it from the raw trace. This procedure is quite similar to that used to remove undesired 

leakage currents in voltage clamp experiments (p/n protocol, in our case p/3). Threshold was 

calculated as the current amplitude that evoked 50% efficacy using a two parameter logistic function 

to fit the data. Responses were recorded from a total of 12 RGCs using three identical electrodes 

such that each electrode was used to record responses from four RGCs. 

 

2.3.4. Immunocytochemistry and morphological identification 

Following recordings, the retinal tissue was removed from the chamber, mounted onto filter paper, 

fixed for 30-60 min in phosphate buffered 4% paraformaldehyde, and stored for up to 2 weeks in 

0.1Mphosphate buffered saline (PBS; pH 7.4) at 4 _C. The tissue was subsequently processed to 

reveal biocytin filled cells by immersion in 0.5% Triton X-100, 20 ug/mL streptavidin conjugated to 

Alexa488 (Invitrogen) in PBS overnight. Tissue was washed thoroughly in PBS, mounted onto 



Superfrost þ slides and coverslipped in 60% glycerol. Cellular morphology was classified after 3D 

confocal reconstruction (Zeiss PASCAL). 

 

Results 

 

3.1. Electrode characterisation and electrochemical stability  

Electrodes were characterized by cyclic voltammetry and chronopotentiometry before and after use. 

CVs were compared before and after activation and, in the case of the stability study, after use, to 

assess the degree to which the silicone insulation was leaking (i.e. thus exposing braze alloy) and to 

ascertain if electrochemicalchanges were occurring during use. Chronopotentiograms were recorded 

before and after activation using biphasic 100 mA amplitude constant current pulses of 1 us per 

phase to assess the efficacy of the activation. A further set of chronopotentiograms were recorded to 

establish maximum charge injection values for the electrodes. These chronopotentiograms were 

recorded during 500 us/phase constant current biphasic pulses of increasing current amplitude until 

the capacitive voltage excursion (the upward sloping section) during the pulse exceeded 1 V during 

the anodic phase. This was deemed to be a safe voltage as it lies well below the 1.5 V limit where 

oxidation of water begins to occur (see Figure S2 and our previous work [14]). Representative CVs 

and 1 ms per phase chronopotentiograms recorded using both of the electrode types used in the work 

described here are shown in Fig. 4. Fig. 4(a) and (b) shows CVs and chronopotentiograms 

(respectively) for 600 um disc electrodes used in electrochemical stability experiments. Fig. 4(c) and 

(d) show the corresponding plots for a 200 x 200 um square N-UNCD electrode used for explanted rat 

retina experiments. The CVs were recorded before (grey trace) and after (black trace) electrochemical 

activation and in the case of the 600 um diameter electrode after one week of constant stimulation 

(dashed trace). Chronopotentiograms were recorded before (grey trace) and after (black trace) 

activation.The plots shown are typical of all the electrodes discussed in this paper with the exception 

of Electrode 2 used for explanted rat retina. This electrode exhibited a small amount of silver 

contamination which is highly likely to have occurred during brazing (Figure S1 supplementary) CVs 

recorded over the voltage range _2-2.2 V (Figure S2 Supplementary) exhibit 

significant oxidation of water above 1.5 V and reduction of water below _1.6 V consistent with our 

previous findings [14]. After activation the charge injection capacity of the electrodes was calculated 

for biphasic constant current pulses, cathodic first and 500 us/pulse. The charge injection capacity is 

derived from the current at which the capacitive charging voltage excursion reached 1 V. For the 600 

um diameter electrodes this occurred at a current amplitude of 1700 uA/phase (shown in Fig. 5, grey 

trace), which equates to a charge injection capacity (Qc) of 300 uC cm_ 2 according to the formula Qc 

¼ (I _ t)/A where I ¼ the current amplitude at which the capacitive voltage excursion reached 1 V, 

t ¼ the current pulse duration and A ¼ the geometric surface area of the electrode in question. The 

capacitive charging voltage excursion for the three 200 x 200 um square electrodes exceeded 1 V at 

a current of approximately 200 uA, which equates to Qc ¼ 250 uC cm_2. For all subsequent 

experiments the charge injection limits for both electrode types was treated as an upper limit for 

testing. In some cases trace signals from residual braze could not be completely eliminated. Trace 



contamination was evident by the occurrence of a surface confined chemically reversible couple in the 

CV with a reduction peak at _0.2 V and an oxidation peak at 0.2 V, which we assume to be silver. 

Electrodes 1 and 3 described in this article exhibited clean CVs consistent with N-UNCD (e.g. Fig. 

4(c)) Electrode 2 exhibited trace silver contamination (Figure S1 supplementary) but was used 

regardless, because the silver contamination was very low and did not adversely affect the 

electrochemical water window CV (Figure S2 Supplementary). Pulse characterisation for the three 

200 x 200 um square electrodes is shown in the supplementary material, Figure S3. 

 

3.2. Electrochemical stability 

Voltage wave forms were recorded daily for each of the four current amplitudes tested and the slope 

of the anodic voltage excursion calculated. Fig. 5(a) shows the voltage excursion occurring during a 

1700 uA per phase pulse, before (grey) and after (black) one week of stimulation at 50 Hz. The slope 

of the voltage excursion during the pulse is related to the electrode capacitance by the relationship 

dV/dt ¼ i/C where dV/dt is the slope of the voltage excursion (V s_1), i is the pulse current amplitude 

(A) and C is the electrode capacitance (F) therefore changes in the slope indicate changes in the 

charge injection capacity. A day by day plot of the slope of the voltage excursion during the anodic 

phase for the 1700 uA and 1200 uA are shown in Fig. 5(b). The corresponding plots for the 200 uA 

and 700 uA pulse amplitude electrodes are shown in the supplementary material (Figure S4).  

indicated on the plots (dotted lines) are the 95% confidence intervals of the means for the data 

recorded from days 1-7. In all cases the slope recorded on day 0 lay slightly above the 95% 

confidence interval and was therefore excluded from calculation of the mean. 

 

3.3. Explanted rat retina electrophysiology 

We recorded the physiological responses of 12 rat RGCs to electrical stimulation through 3 different 

diamond electrodes. Fig. 6 shows a reconstruction of a typical rat RGC (Fig. 6(a)) which gave rise to 

the physiological responses shown in Fig. 6(b) and (c). The red stain labels the nuclei of all cells in 

the ganglion cell layer while the green stain fills the soma, dendrites and axon of the recorded 

retinal ganglion cell (Fig. 6(a)). Fig. 6(a) shows the cell as it appears in situ in the retina. Based on its 

morphological features we have identified this as a rat alpha (A2o) ganglion cell [21e23]. The 

responses of the RGC imaged in Fig. 6(a) to stimulation by the N-UNCD electrode are presented in 

Fig. 6(b),(c). Electrical stimulation through the N-UNCD electrodes placed upon the surface of the 

retina adjacent to the recorded cell led to the generation of a stimulus artefact, present in all 

recordings, and action potentials generated by the recorded ganglion cell. In the raw recordings (Fig. 

6(b)) stimuli with low intensity were subthreshold for generating action potentials (e.g. 20 mA trace). 

These subthreshold traces were scaled appropriately to fit the recorded suprathreshold stimuli (60 uA 

traces) and subtracted from the raw data to reveal the underlying action potentials (Fig. 6(c)). 

Pulse amplitudes were repeated ten times at a frequency of 1 Hz and the individual spikes extracted 

as described. Efficacy was defined as the percentage of stimuli that elicited an action potential from 

10 repeats delivered at 1 Hz (Fig. 7). Each panel in Fig. 7 represents the data obtained from four 

different cells for the three diamond electrodes we tested. Threshold was defined as 50% efficacy and 



calculated for each cell by fitting the raw data with a two parameter logistic curve. All curves agreed 

with the raw data to r2 >¼ 0.93. 

 

Discussion 

 

Charging of an electrode surface for neural stimulation should ideally be a non-Faradaic or surface 

confined Faradaic electrochemical process. Faradaic (electron transfer) processes occurring between 

an electrode and the biological media or tissue adjacent to the electrode, (e.g. water electrolysis or 

protein reduction or oxidation) are potentially harmful in vivo. The driving force for undesirable 

Faradaic reactions is the electrical potential (voltage) of the electrode surface. Two electrochemical 

parameters are critical when assessing the suitability of material for neural stimulation. The first of 

these is the electrochemical water window which is defined as the voltage range inside which 

cathodic or anodic water electrolysis does not occur. Our activated N-UNCD electrode consistently 

exhibits a water window between _1.6 and 1.3 V vs. Ag/AgCl (supplementary material). This is a 

wider water window than the most commonly used neural stimulation materials (platinum 

or iridium oxide, _0.6-0.8 V vs. Ag/AgCl [13]). Secondly, the electrochemical double layer capacitance 

or pseudo-capacitance (in the case of electrodes that exhibit surface confined electrochemical 

reactions, e.g. iridium oxide) must be high.A high capacitance electrode can store a high quantity of 

charge whilst maintaining a low voltage. Thus, sufficient charge for neural stimulation can be stored at 

the electrode surface without risking dangerous electrochemical processes occurring. For almost all 

previously reported forms of diamond, electrochemical capacitance is very low [24,25] making those 

forms of diamond a desirable material for recording electrodes [26-28], but unsuitable for stimulation. 

High capacitance forms of diamond are rare and to date are limited to very 

highly boron doped polycrystalline diamond [29] and N-UNCD [14,30]. As previously observed, we 

measured a substantial increase in charge injection capacity after electrochemical activation 

by CV from 200 uV to 2.5 V in PBS. Fig. 4 shows CVs and chronopotentiograms recorded from 600 

mm diameter and 200 x 200 um square N-UNCD electrodes before and after electrochemical 

activation. Surface capacitance is proportional to the integral area of a CV thus capacitance can be 

estimated from the anodic and cathodic current magnitude of a CV. The CVs recorded before 

activation (Fig. 4(a) and (c), grey trace) have very low anodic and cathodic current magnitudes and 

therefore relatively low double layer capacitance. After activation (black traces in Fig. 4(a) and (c)), 

the CV current magnitudes increased significantly indicating increased capacitance. There is a 

discernible Faradaic reduction peak at _0.5 V, which is attributed to dissolved oxygen. Otherwise the 

CVs are free of any reversible peaks associated with surface confined chemically reversible Faradaic 

reactions, consistent with diamond electrochemistry and indicate charging via electrochemical double 

layer capacitance. The voltage traces depicted in Fig. 4(b) and (d) show the effect of activation on the 

electrode voltage excursion during a 100 mA amplitude, constant current, biphasic, 1 ms/phase 

neural stimulation pulse. The voltage required to drive the pulse before activation (dashed trace) is 

large in contrast to the activated electrode (black trace) where the voltage required is significantly 

lower. By pulsing the electrode at currents of increasing magnitude it is possible to define a maximum 



current amplitude for a given pulse condition by defining a voltage limit (1 V) that the electrode 

surface must not exceed. It is important to note that the voltage at the electrode surface is 

represented by the voltage magnitude over which the electrode rises after the initial rapid voltage 

change as the pulse is applied. This initial sharp voltage change (access voltage) is required to 

overcome the electrode solution interface impedance and any other resistances in the circuit 

(according to Ohm’s law) and thus is not actually present on the electrode surface. The maximum 

currents at which the capacitive voltage excursions exceed 1 V for 500 us per phase pulses were 

approximately 1700 mA for the 600 mm diameter electrodes and 200 uA for the 200 x 200 um square 

electrodes which equates to a charge injection capacity of 300 uC cm_2 and 250 uC cm_2, 

respectively. It is unclear why the two types of electrodes exhibited different charge injection values. 

The N-UNCD sheets used to make the electrodes came from different growth runs and thus may 

indicate an area where a higher degree of process control is required. These values of 300 and 250 

uC cm_2 are significantly higher than our previously reported value of 163 mC cm_2 recorded using 3 

mm diameter NUNCD electrodes [14]. In that work the charge injection capacities were estimated by 

observation of the slope of the voltage waveforms at moderate current amplitudes in contrast to the 

empirical method used here. This illustrates that calculated charge injection values from low 

amplitude current pulses is not a good predictor of charge injection limits and is a flaw in our previous 

method. The NUNCD charge injection values of 250-300 uC cm_2 measured here are slightly higher 

than typical platinum values (z150 uC cm_2 [13]) but up to an order of magnitude lower than values 

reported for IrOx (1000-5000 uC cm_2 [13]). Calculation of the voltage slope during the anodic phase 

during pulsing revealed a small but significant drop in charge injection capacity between day 0 and 

day 1 of continuous pulsing (average 4%). Between 1 and 7 days of continuous pulsing the majority of 

slope values remained within the 95% confidence interval of the mean indicating no further significant 

change. This may represent a clear advantage over other materials. Platinum is known to pit and 

erode with extended use even when used well inside electrochemical limits [31,32] and some forms of 

iridium oxide have been shown degrade and/or delaminate in particular when the cathodic voltage 

excursion exceeds _0.6 V [15,33]. In all cases the voltage slopes are close to constant during the 

majority of the pulse indicating that no Faradaic (water electrolysis) processes are occurring. We 

observed no discernable changes in the surface morphology of the electrodes under SEM after the 

week of continuous pulsing. Little or no morphological or electrochemical change during prolonged 

use is an important electrode property because degradation of electrode material over long duty 

cycles is a potential limiter of device lifetime. Changes in the morphology or electrochemistry over 

time also represent risk factors because electrode voltages may stray to values that are unsafe in 

vivo. The after use CV shown in Fig. 4(b) (dashed trace) was recorded after a three week delay and 

after a reactivation cycle of 3 CVs from 200 uV to 2.5 V vs. Ag/ AgCl. The CV is very similar to the 

freshly activated CV indicating very little electrochemical change over the week long stimulation 

period. A reactivation cycle was required as the charge injection capacity of the electrodes reduced by 

between 20 and 30% over the three weeks of storage in air. Previously we established by XPS 

analysis that the strongest predictor of high charge injection capacity in N-UNCD was oxygen 

concentration in the material and we also showed that electrochemical activation increased oxygen 



concentration [14]. Oxygen functionalization could increase capacitance by specific interactions with 

the electrolyte [29]. In other work, oxygen functionalization of carbon nanotubes led to a 3.2 fold 

increase in electrochemical double layer capacitance [34] attributed by the authors primarily to an 

increase in hydrophilicity and electrolyte proton interactions with oxygen functionalities. The loss of 

charge injection capacity with storage in air is most likely due to adventitious adsorption of carbon 

species from the air which are readily removed during CV. Having demonstrated the stability and 

charge injection capacity of the N-UNCD electrodes we further sought to establish their utility in 

activating the ganglion cells of the mammalian retina. When placed epi-retinally, close to the somas of 

the RGCs, the N-UNCD electrodes performed well, activating these cells well below the charge 

injection limit of 200 uA/500 us phase (250 uC cm_2). This was true for all recorded RGCs. While the 

average activation curve for each electrode we tested was quite similar, there was a high degree of 

variability within the pool of cells recorded by each electrode (Fig. 7). This variability in the activation 

curves may be due to variability in the excitability of different RGC types. It is well  established that 

there are at least 16 different morphological types of RGC in the rat retina [21,22]. Each type is 

defined by different cellular morphology (size, pattern of dendrites, axon diameter) and is also well 

known to respond differently to current injection. The variability is well established for both intra and 

extra-cellular stimulation [16,35,36]. Threshold values could also be affected by the position of the 

recorded RGC relative to stimulating electrode. Uneven tissue on the retina surfaces means some 

cells may have been further away from the electrode than others. In this work the RGC  response 

latency of approximately 0.6 ms was consistently observed (e.g. Fig. 6(c)),which is similar to latencies 

previously reported by Cai et al. [37] and Sekirnjak et al. [35]. Longer spike latencies of approximately 

2 us were observed by Tsai et al. after stimulation from a subretinal position [36]. 

What is clear from our data is that the diamond electrodes are capable of activating the retinal tissue 

well within the 200 uA current amplitude limitation (Qc ¼ 250 uC cm_2). The lowest thresholds of 19-

20 uA were observed with two ganglion cells stimulated using electrode 1 (Fig. 7, Electrode 1, blue 

and black traces). This equates to a charge injection of 25 uC cm_2, well below the limit of 250 uC 

cm_2 established for the electrode. The highest threshold value of 164 uA was also recorded using 

electrode 1 (Fig. 7, Electrode 1, purple trace) and equates to a charge injection value of 205 uC cm_2 

which is 82% of the 250 uC cm_2 limit. Voltage excursions were not recorded during stimulation 

owing to equipment limitations but it is reasonable to assume that a voltage of approximately 0.82 V 

may have been present on the stimulating electrode being 82% of the 1 V limit. Thresholds of 41-133 

mA (51-166 uC cm_2) were recorded over the 10 remaining cells, again well inside electrochemical 

limits. Effective stimulation using voltages lower than 1 V is desirable as, though the defined safe 

voltage of 1 V is well below the water electrolysis limit, it is unknown what other bioelectrochemistry 

may be occurring in the 0.6e1 V range. It is difficult to compare our threshold results to other 

wholemount retinal recordings because our electrodes are very large in comparison to most other 

studies. The 200 x 200 um electrode size was intentionally chosen because it matches the size of the 

electrodes on the BVA epiretinal device. Tsai et al. report lowest charge density thresholds of 1430 

uC cm_2 after subretinal stimulation of wholemount rabbit retina using a 25 um diameter Pt-Ir 

electrode [36]. Sekirnjak et al. consistently measured thresholds less than 10 uC cm_2 using a 14 um 



diameter platinum disc array [35].Though an isolated RGC response does not necessarily lead to a 

cortical response, it appears that there is no firm evidence for cortical response thresholds being 

consistently higher than RGC thresholds. The review of Sekirnjak et al. covers RGC and cortical 

thresholds and cites reported values over a wide range between 10 and 1200 uC cm_2. The collated 

results do not indicate that recording in RGCs or in cortex results in higher thresholds for one 

technique over the other [35]. The range of threshold results is so broad however that firm 

conclusions cannot be drawn. DeBalthasar et al. report perceptual thresholds between 5 and 750 uC 

cm_2 over 6 human patients fitted with the Argus I device. The Argus I had 16, 260 or 500 um 

diameter platinum disc electrodes and was attached in an epiretinal position [38]. In that work they 

correlate low thresholds with close proximity to the retina. SEM investigation of the used 200 x 200 

um square electrodes showed limited delamination of the silicone insulation, in particular where it 

contacted the sides of the diamond electrodes (Fig. 3(a)). It is possible that this may have acted as a 

source of current leakage by increasing the area of diamond exposed to solution. Furthermore, in this 

case, some N-UNCD would not have been directly in contact with the retina resulting in a low 

impedance pathway for current leakage. Current leakage would result in higher threshold values due 

to loss of some charge into the solution rather than through the tissue, causing the measured 

threshold to be inflated. Despite this potential current loss our threshold values (25-188 uC cm_2) are 

at the low end of the spectrum reported by Sekirnjak et al. and are well inside the safe 

electrochemical limits of the material (250 uC cm_2). Thus the results indicate that N-UNCD is 

electrochemically viable as a material for use as stimulating electrodes for retinal prostheses. 

 

Conclusions 

 

N-UNCD electrodes were fabricated and electrochemically activated yielding charge injection values 

over the range of 250-300 uC cm_ 2. The electrodes exhibited no significant morphological or 

electrochemical changes after continuous pulsing at the charge injection limit in PBS for one week. N-

UNCD electrodes were used to electrically stimulate excised wholemount rat retina eliciting 50% 

efficacy activation thresholds between 25 and 188 uC cm_2 for RGCs adjacent to the N-UNCD 

electrode. Despite the possibility of some current leakage these threshold values are low in the 

context of existing literature and are well below the safe charge injection limit of 250 uC cm_2 for N-

UNCD. This is a strong indication that N-UNCD is an electrochemically viable material for retinal 

stimulation. Combined with the high electrochemical stability exhibited, N-UNCD is a promising 

electrode material for electronic implantable prosthesis applications generally. 
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Figures 

 

Fig. 1. Illustration depicting image capture of a visual scene by a camera mounted on a pair of 
glasses. The visual data is relayed via a wireless link to an implanted retinal device that electronically 
stimulates the retina with a special pattern derived from the image. The stimulation pattern on the 
retina is relayed to the brain via the optic nerve providing the visual system with sufficient information 
to generate visual perception. 
 



 
 
Fig. 2. (a) Medical illustration of the form for the BVA epiretinal device, tacked in position over the 
macula, (b) Micrograph of the external face of a diamond feedthrough array. The black squares are 
conducting N-UNCD and the lighter lines are exposed PCD through which light is transmitted. Some 
light through the array is blocked by evaporated wires on the reverse side. (c) Interior face of the 
feedthrough array with evaporated metal wires contacting some feedthroughs. 
 

 
 
Fig. 3. (a) SEM image of a 200 x 200 um square N-UNCD electrode that has been used as a 
stimulating electrode on excised rat retina. Inset is a micrograph of the electrode before insulation 
with epoxy and silicone. (b) An SEM image of a 600 mm diameter N-UNCD disc electrode used to 
assess electrochemical stability. Inset is a micrograph of four such electrodes attached to a flexible 
circuit board and isolated with epoxy resin. 
 



 
 
Fig. 4. Representative CVs and voltage traces recorded using the electrode depicted in Fig. 3(b) 
(plots (a) and (b)) and the electrode depicted in Fig. 3(a) (plots (c) and (d)). CVs were recorded before 
activation (grey trace), after activation (black trace) and after use (dashed trace). Voltage excursions 
were recorded during 1 ms, 100 uA per phase, biphasic constant current pulses before (dashed trace) 
and after (black trace) activation. 
 



 
Fig. 5. (a) Representative voltage excursions recorded using a 600 um diameter NUNCD electrode 
during 1700 uA, 500 us per phase (300 uC cm_2), biphasic, constant current pulses, before (grey) 
and after (black) one week of continuous pulsing at 50 Hz (3 x 10^7 pulses). Also shown is the region 
from which daily anodic charging voltage excursion slopes were calculated. (b) Shows day by day 
anodic excursion slopes recorded during pulsing at the current amplitudes and density indicated on 
the plots. The dotted lines represent _ one standard error of the mean or the 95% confidence 
interval of the mean (day 0 excluded). 
 



 
 
Fig. 6. Rat retinal ganglion cell morphology and response to electrical stimuli. (a) En face view of a 
confocal reconstruction of the ganglion cell recorded and labelled with Alexa488 (green) along with 
the propidium iodide labelled cells in the ganglion cell layer (red). Scale bar ¼ 50 um. (b) Raw 
responses of the ganglion cell in (a) above to a single subthreshold 20 uA pulse and several 
responses to 60 uA pulses. (c) Plots of action potentials elicited by the biphasic pulses extracted by 
scaling of the subthreshold 20 uA response and subtracting it from the 60 uA pulses. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
 



 
Fig. 7. Intensity response functions of three N-UNCD electrodes. (a) Plots of raw data (coloured 
points) and their fitted curves (corresponding colours) for four different retinal ganglion cells activated 
by this electrode. The 50% efficacy threshold current amplitude for each RGC is indicated on each 
plot. Electrodes were placed in contact with the vitreal surface of the retina and biphasic stimuli of 
different amplitudes were applied at 1 Hz. Efficacy was defined as the number of stimuli out of 10 that 
evoked an action potential. Note that all cells reached threshold (50% efficacy) before the charge 
limitation was reached (250 uC cm_2). (b),(c) Intensity response functions obtained using two 
additional N-UNCD electrodes (n ¼ 4 for each). The intensity response function of the cell pictured in 
Fig. 6 (a) was stimulated with electrode 2, and its response function is the red trace. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
 
 


