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Abstract

Background: Microelectrode arrays play an important role in prosthetic implants for
neural signal recording or applying electrical pulses stimulation to target nerve system.
Safety and long-term reliability are essential requirements for microelectrode arrays
applied in electrical stimulation. In design and fabrication of the microelectrode array,
soft materials are generally chosen to be the substrate for the aim of achieving better
compliance with the surrounding tissue while maintaining minimal damage. By flex-
ing of the array to the surface, the array is capable of keeping a more stable electrical
contact resulting in a significantly improved signal detected.

Methods: In this study, we design and fabricate a flexible microelectrode array with
gold as the electrode material and parylene-C as the substrate. The fabrication process
of the array is presented. The in vitro electrochemical characteristics of the microelec-
trode are investigated by electrochemical impedance spectroscopy and cyclic voltam-
metry in a three-electrode electrochemical cell containing phosphate-buffered saline.
Charge injection capacity measurements are carried out by multichannel systems and
the CSC of the microarray is calculated.

Results: Electrochemical results showed that impedance decreased with frequency.
The average impedance of the Au electrodes at 1 kHz was 36.54 4 0.88 k(). The aver-
age phase angle at 1 kHz was — 73.52 4+ 1.3°, and the CIC of the microelectrode was
223 uC/cm? The results demonstrated that the microelectrode array performed as
expected for neuronal signal recording or stimulation.

Conclusions: With parylene-C as the substrate, the microarray has good flexibility. The
electrochemical characteristics'results show that the array has the ability to resist any
corrosion on metal-electrolyte interface and has good biocompatibility. This low-cost,
flexible parylene-based, gold microelectrode array shows potential for use in implant
neurological signal acquisition or neurostimulation applications.
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Background

Retinal degeneration characterized by loss of photoreceptors, including conditions such
as retinitis pigmentosa (RP) and age-related macular degeneration (AMD), affects mil-
lions of people worldwide [1-4]. Development of human retinal prostheses to restore
vision brings hope to individuals suffering from outer retinal diseases [5—8]. RP and
AMD patients lose vision mainly because photoreceptors are damaged or degener-
ated. The two kinds of photoreceptor cell, rod and cone cells, exhibit different degrees
of degeneration. The concept of prosthetic vision is that electronic components are used
to convert light into an electrical signal that stimulates neurons in the visual pathway.
The neural signal is then processed by the brain to generate phosphenes (i.e., flashes of
light). In practice, the realization of prosthetic vision has proven complex and challeng-
ing [9]. Also, the success of a retinal prosthesis depends on several issues, efficient cap-
turing of the visual images from the outside, transduction of the captured images into
meaningful neurological signals, and subsequent activation of the residual inner retina
(ganglion cells), from where visual information can be relayed to the visual cortex by
the optic nerve. In the early stage of degeneration when retinal ganglion cells are spared,
transmission of electrical signals from the retina to the brain by electrical stimulation is
possible. In this process, the surviving retinal ganglion cells are electrically stimulated,
transmitting signals to the visual cortex through the optic nerve, and then the visual
image is integrated in the brain.

Apart from retinal stimulation, electrical stimulation is used in several neuro-pros-
thetic approaches. Platinum—iridium alloy has excellent mechanical properties and
resistance to corrosion; the feature fits very satisfactory bio-engineering cable; the redox
performance of platinum and Pt-Ir electrodes in saline allows artificial simulation of
nerves for long periods. It has been used as a biometric sensor inside the cochlea [10].
Activated iridium oxide film (AIROF) and platinum black are always used as electrode
materials, and the latter was chosen for recording AEPs from the rat brain. The polyim-
ide-based microelectrode array proved to be capable of recording AEPs from rat cortex
with reasonable amplitudes, when platinum black was chosen as an electrode material
[11]. In a previous study [12], an intracochlear sound sensor-electrode system consisting
of an intracochlear sound sensor (ISS) and a 50 pm Pt—Ir wire electrode was fabricated
and tested. The system could sense acoustic signals and transmit electrical stimuli inside
the cochlear, and it has potential applications including acting as the front end of a coch-
lear implant to treat sensorineural deafness or as a transducer in cochlear mechanics
experiments.

Bioelectrode technology of flexible thin-film microelectrode arrays based on microe-
lectro-mechanical systems (MEMS) enhances the development of epiretinal prosthetic
implants and it has progressed rapidly [13—17]. Neural stimulation microelectrodes with
diameters from 50 to 500 pm have been investigated in previous studies [18, 19]. In the
application aspect, high resolution of the visual prostheses is desirable. However, high
resolution means higher density and smaller size of the electrode, this also means higher
charge density to activate neural response, while that may cause tissue damage due to
the heat of the surrounding tissue, and also the signal to the visual system would gen-
erate higher power. In addition to the usual biomaterial issues such as toxicity, tissue
encapsulation and cellular or immune responses that might be incited by the foreign
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materials, an electrical prosthesis must also provide long-term stability of the metal
electrodes, while minimizing any tissue damage that occurs as a result of the electrical
stimulation. Induced tissue damage will reduce the excitability of the tissue and limit the
potential for vision restoration [9]. The microelectrodes need to be biocompatible and
suitable for long-term implantation. Platinum (Pt) is the most commonly used electrode
material because of its low impedance and high charge storage capacity [20, 21]. How-
ever, a long-term (42 days) stability test revealed that gold (Au) electrodes show a higher
stability of capacitive behavior to reversible charge than Pt electrodes [22].

The selection of electrode materials for use in retinal prostheses requires considera-
tion of biocompatibility, conductivity, and corrosion resistance. Parylene-C is often used
as a substrate material because of its excellent combination of barrier properties (mois-
ture barrier) and biocompatibility. Parylene-C [23] is widely used as a coating for many
chronic implants for the human body such as stents, defibrillators, and pacemakers.

In our study, a flexible microelectrode array is designed with Au as the electrode
material and parylene-C as the substrate. The electrochemical characteristics of the
microelectrode array were investigated. We examined this array as a possible material
combination for neural stimulation applications.

Methods

Materials

Parylene-C outperforms other substrate materials in terms of its dielectric constant, die-
lectric loss, water absorption, tensile strength, and Young’s modulus [24]. As shown in
Table 1, parylene-C is superior to its counterpart, Parylane N in Mechanical and electri-
cal properties. Parylene-C also tolerates room temperature chemical vapor deposition.
Its low water permeability is suitable for long-term implantation.

Microelectrodes layout

In this study, microelectrodes with a diameter of 200 pum were used [26]. The flex-
ible microelectrode array based on parylene-C has four microelectrode sites that are
arranged in a line, as illustrated in Fig. 1. The pitches between two adjacent electrodes
are shown in Fig. 1b. The width of the interconnecting traces is 40 um and the minimum
distance between the interconnecting traces is 60 pm.

Fabrication process

The microelectrode array based on parylene-C was fabricated using a similar procedure
to that employed for a polyimide-based microelectrode array [21]. The fabrication pro-
cess of the array is presented in Fig. 2. The array was assembled on a silicon wafer coated
with a 300-nm-thick aluminum (Al) sacrificial layer to release the structure after fabri-
cation. A 12- to 14-pum-thick parylene-C layer was deposited onto the silicon wafer as
an insulating layer after salinization to enhance adhesiveness. Cr/Au/Cr (70/200/70 nm)
metal layers were then patterned by sputtering and lithography to form electrodes, metal
wires, and connecting pads. Cr was coated on Au to increase the adhesion of gold and
insulating parylene layer. The array was then coated with an upper 12- to 14-um-thick
insulating parylene-C layer. A 500-nm-thick Al layer was deposited as a masking layer
by evaporation, lithography, and electrochemical erosion. The upper parylene-C layer
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Table 1 Properties of Parylane C compared to that of its counterpart Parylane N [25]

Properties Parylene-N Parylene-C
Typical mechanical properties
Tensile strength (psi) 6500 10,000
Tensile strength (MPa) 45 69
Yield strength (psi) 6300 8000
Tensile strength (MPa) 43 55
Tensile modulus (Mpa) 2400 3200
Elongation at break (%) 40 200
Yield elongation (%) 25 29
Density (g/cm?) 111 1.289
Coefficient of friction
Static 0.25 0.29
Dynamic 0.25 0.29
Water absorption (%, 24 h) 0.01 (0.019") 0.06 (0.029")
Typical electrical properties
Dielectric strength, short time (Volts/mil at 1 mil) 7000 6800
Volume resistivity 23 °C, 50% RH (Ohm-cm) 1x 10" 6x10'°
Surface resistivity, 23 °C, 50% RH (Ohm) 10" 10"
Dielectric constant (Hz)
60 265 315
1000 265 31
1,000,000 265 295
Dissipation factor (Hz)
60 2E—04 0.02
1000 2E—04 0019
1,000,000 2E—04 0013
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Fig. 1 Diagrams of the microelectrode array. a Schematic diagram of the microelectrode array, b enlarged
diagram of the tip of the array with four electrode sites
.
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N si Al Parylene-c Cr Au

Fig. 2 Fabrication process flow for parylene-based microelectrode array. a Evaporation of aluminum
sacrificial layer onto the silicon wafer, b parylene-C as flexible substrate, € Cr/Au/Cr as the electrodes, metal
wires and connecting pads, d parylene-C layer as the insulator layer, e Al layer added as a masking layer, f
parylene-C processed with plasma dry etching, g photolithography and lift-off process for drain and source
electrodes, h microelectrode array released from the silicon substrate

was processed by O, plasma dry etching. After the masking layer was removed and Cr
coated on the surface of the electrodes and connecting pads corroded, the array was
released from the silicon substrate by electrolysis of the sacrificial Al layer. The surface of
the microelectrodes of gold layer was exposed as shown in Fig. 2h.

Electrochemical measurements in vitro

Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) experi-
ments were performed in a three-electrode electrochemical cell containing an Ag/
AgCl reference electrode, Pt counter electrode, and an Au microelectrode immersed in
phosphate-buffered saline (PBS) at pH 7.4 (Fig. 3). An AC voltage of 50 mV was applied
using a potentiostat (Reference 600; Gamry Instruments, Warminster, PA, USA). During
the test, a Faray shield was used to surround the electrode to be tested, with all parts of
the shield electrically connected. The Faraday shield was electrically connected to the
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Potentiostat (Gamry)

Fig. 3 Diagram of three-electrode electrochemical system. EA is the microelectrode array under test

Table 2 The average threshold for different electrode diameter up to 200 pm is T
(nA) £ standard error of the mean (SEM). The average current density is CD (mA/

cm?) £ SEM
Electrode Pulse width
diameter (um)

60 ps 400 ps 1000 ps

T+SEM CD+SEM T+SEM CD +SEM T+SEM CD+SEM
10 6.9+06 87.90+7.64 1.05+0.04 13.384+0.51 0.87+£0.03 11.094+0.38
30 60+£04 8494057 1.8440.09 2.6040.08 1.324+0.04 1.8740.06
60 217405 7.6840.18 3.204+0.20 1.13+£0.07 3.2040.10 1.13+0.04
200 13.5+04 043001 3340.10 0.114+0.00 2.33+0.07 0.07+0.00

Reference 600+’s floating-ground terminal, and an additional connection of both the
shield and the Reference 600+ floating ground to an earth ground. All data were col-
lected at room temperature. Mean and variance method was applied to conduct statistic
analysis of impedance and phase testing results. Statistical analysis was performed via
Excel statistical data analysis.

Charge injection capacity measurements

Based on the result of previous studies [27], activating thresholds of different electrode
sizes up to 200 pm were tested and recorded; according to the threshold current, we cal-
culated the average current density in Table 2.

The charge injection capacity (CIC) of the Au microelectrode was measured using a
cathodic-first, charge-balanced, biphasic, and symmetric current pulse applied by a four-
channel, general-purpose, stimulus generator (Multichannel Systems, STG4004, MCS
GmbH, Germany) with a pulse duration of 1 ms [26]. Current amplitude pulses were
increased from 1 to 7 pA. The voltage responses of the microelectrode as a function of
current amplitude were recorded with an oscilloscope. The experiments were performed
in PBS (pH ="7.4) at room temperature using a two-electrode configuration with an Ag/
AgCl reference electrode.
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Results

Electrochemical characteristics were measured in the designed electrode as shown in Fig. 1.
EIS data obtained for the microelectrode array are shown in Fig. 4. Impedance decreased
with frequency. The average impedance of the Au electrodes at 1 kHz was 36.54 4+ 0.88 kQ.
The average phase angle at 1 kHz was —73.52+1.3°. CVs recorded for the microarray at a
sweep rate of 100 mV/s are presented in Fig. 5. The area enclosed by the CVs represents the
charge storage capacity (CSC) of the microarray. The CSC of the microarray was calculated
by dividing the total cathodic charge, i.e., the time integral of the cathodic current, by the
scan rate. The average CSC of the Au electrodes was 103.33 4 15 puC/cm?.
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Fig. 4 Average electrochemical impedance spectroscopy (EIS). a Average impedance, b Average phase. It
shows the variation of average impedances and phases with frequency, respectively. Bars indicate standard
deviation
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Fig. 5 Cyclic voltammogram measured in PBS solution (pH =7.4) at room temperature
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Fig. 6 Voltage response of gold microelectrode to a biphasic and symmetric current pulse. Here, pulse width
is 1 ms with amplitude =7 pA

The CIC is the maximum transferred charge of the microelectrodes before irre-
versible reactions occur. The CIC of the microarray was calculated as the product
of current and pulse width per unit area. Figure 6 shows a representative potential
voltage response to applied current pulses recorded from one of the gold microelec-
trodes. The critical current was 7 pA when the potential cathode voltage reached
0.55 V. The CIC of the microelectrode was 22.3 uC/cm?.

Discussion

Biocompatibility of the materials, density of electrode sites, and electrochemical char-
acteristics are the important design parameters for microelectrode array. We designed,
fabricated, and tested a flexible microelectrode array with parylene-C as the substrate,
Au as the microelectrode material, and different pitch intervals between the electrode
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sites. The in vitro electrochemical characteristics of the array suggest its feasibility for
use as a retinal implant. The manufacturing process is simple and economical.

In the design of neural stimulation electrode, a low electrode—electrolyte impedance
interface is critical, and a complete understanding of the physical processes contributing
to the impedance is needed in the design of a low impedance interface [28]. Equivalent
circuit models have long been used to model the interface impedance. Early in 1899 [29],
it first proposed that the interface could be represented by a polarization resistance in
series with a polarization capacitor. Later research results revealed that the polarization
capacitance exhibited a frequency dependency leading to the introduction of Fricke’s law
[30], and the use of a constant phase angle impedance to represent the impedance of
the interface capacitance. Later work with rapid electrode reaction systems resulted in
the well-known Randles model, consisting of an interface capacitance shunted by a reac-
tion impedance in series with the solution resistance [31]. In previous research [28], an
electric model was used to describe the physical processes and extended to quantify the
effect of organic coatings and incubation time, and electrochemical impedance spectros-
copy (EIS) has been used to electrically characterize the interface for various electrode
materials, and the results demonstrate the benefits of using this model to better under-
stand the physical processes occurring at the interface in more complex, biomedically
relevant situations.

Development of optimal active neural prostheses that can monitor the physiologi-
cal state of neural tissue has been investigated for decades. In neuro-prosthetic study,
impedance characterization of the electrode—electrolyte interface is of paramount
importance in the fields of impedance-based, neuroprotheses, and in vitro communi-
cation with electrogenic cells [28]. A high impedance would result in a large applied
electrode voltage leading to undesirable electrochemical reactions that may be harm-
ful to cellular cultures. On the recording side, the extracellular signals are low, on the
order of microvolts for neurons. The neural signals will be lost in the noisy, ion-based
electric fluctuations of the surrounding electrolyte media if the electrode impedance is
not low enough. A well-characterized, fully understood interface impedance leads to
an optimized electrode—electrolyte interface design. Neuroprotheses, and in particular
cochlear implants, represent an important application of impedance characterization.
The current applied to stimulate hearing via a cochlear implant is determined from the
known electrode impedance [32], which is designed to be as low as possible to avoid cell
damage [33]. Neural prostheses use charge recovery mechanisms to ensure the electri-
cal stimulus is charge balanced. Nucleus cochlear implants reduce all stimulating elec-
trodes between pulses in order to achieve charge balance, resulting in a small residual
direct current (DC) [32]. Jiang et al. [22] implanted Pt electrodes in the eyes of rabbits.
Electrochemical impedance of a 200 um-diameter electrode (Fig. 4b) in 0.1 M PBS elec-
trolyte shows the phase angle expected for an Au stimulating electrode when compared
with those found in the literature [21, 22]. The good high-pass characteristic of the
array was consistent with other electrode impedances described in the literature [22].
The error bars in Fig. 4 represent the distribution of the data. As we can see the imped-
ance of the electrode is quite stable with very little error bar, in the frequency range of
1-10 k Hz, and both impedance and phase value present stable trend in the frequency
range of 1 k—10 kHz that falls in the interval of 0.1-1 ms, the pulse duration used for
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neural stimulation. Our microelectrode provided smaller size and lower impedance than
that of Li [21]. Compared with Pt, Au electrodes are more cost effective. First, Au has
long been used in the microfabrication industry and a series of reports could be found.
This promises higher satisfactory rate of the array fabricated [34]. Second, mechanically,
Pt is significantly stiffer than the neural tissue with which it interfaces. Electrode coat-
ings, in particular polymeric films which utilize conductive polymersor hydrogels, have
been shown to impart a softer electrode interface [35]. Third, in neural electrode field,
with the increasing demand to reduce the size of electrodes, driven by the need to make
smaller but higher resolution implants, Pt electrical properties have become a challeng-
ing issue. Pt, as a conventional neural electrodes material, its charge injection capacity
(CIC) is limited below 0.15 mC/cm? [20]. To increase the charge transfer capacity, a wide
range of materials have been adopted as the coating layer [36]. Thus, the coating of the
electrode must be taken into consideration when weighing the cost of fabrication and
Rodger et al. [23] reported platinum or titanium-—platinum microelectrodes based on
parylene substrate. High charge injection capacity, flexibility and biocompatibility are
key properties of microstimulation and neural applications [37]. During the manufactur-
ing process, parylene-C was used as the substrate electrode material because of its good
flexibility and biocompatibility [38, 39]. The CSC (103.33+15 uC/cm?) as a parameter
for qualitative comparison of various electrodes and electrode materials cannot provide
quantitative data for stimulation protocols. For stimulation, the charge which can be
actually injected during a stimulation pulse (charge injection capacity, CIC) determined
by reactions contributed to the charge transfer during a single stimulation is smaller
than the CSC [40]. As the electrode is implanted in the tissue, electrode—tissue interface,
electrochemical reactions and heat production generally accompany charge injection.
These factors constrain maximum charge injection levels and stimulation electrode area,
which ultimately constrains the spatial resolution that could be achieved by electrical
stimulation. The potential biocompatibility and long-term functional stability of a retinal
prosthesis are further complicated by ongoing anatomical and physiological changes that
inevitably occur within the retina in patients with retinitis pigmentosa [41]. Although
the CIC of our Au microelectrode array is lower than those of the Pt microelectrode
and the Pt-Ir microelectrode developed by Petrossians et al. [26], our array still meet
the electrochemical requirements of visual implants. In earlier studies, McCreery et al.
reported that the electric charge density to elicit an electrically evoked potential without
damaging neural tissue was 10 uC/cm? [42]. For accurate measurement of very small
current, some methods have been applied to reduce the noise of the equipment effec-
tively [43]. In the present study, Fig. 5 is the cyclic voltammogram of the array meas-
ured in PBS solution. The low level current was measured using a Faray box to shield
the array and the test system to reduce the noise due to AC interference. Humayun and
coworkers reported the charge densities of a bullfrog (2.98 uC/cm?), normal-sighted rab-
bit (8.92 uC/cm?), and rabbit with outer retinal degeneration (11.9 uC/cm?) as threshold
stimulating charge densities [44, 45]. In this study, a flexible microelectrode array was
designed with Au on the substrate of parylene-C. These charge densities are within the
safe limit of our Au microelectrode array (22.3 uC/cm?).

In principle, the larger the electroactive surface area is, the lower the charge trans-
fer resistance is [23]. A low electrochemical impedance (compared to the analog front
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end impedance) is required for the recording electrodes to achieve a high signal-to-noise
ratio [46]. The average impedance of our electrodes at 1 kHz was 36.54+0.88 kQ at
our designed electrode area of 0.04, This translates to an electrochemical impedance of
1.15 Q/cm?, which was lower than that of standard gold of 10 Q/cm? [46]. These results
indicate that our electrode is suitable for extracellular recordings of single or small pop-
ulations of neurons recording. Moreover, the surface contact in three dimensions should
be considered. In another word, the surface electroactive area is not the area in 2-D.
The microelectrode’s surface by our fabrication process would increase a better contact
by surface process, which may increase three-dimensional contacts to achieve lower
impedance in a smaller area. Our electrodes also meet the compliance voltage. The stim-
ulation current for a 1024-channel retina prosthesis is reported to be 30-300 pA [47].
The required compliance voltage of the current driver will, therefore, be up to 10.8 V
(multiplying 300 pA by the impedance of 36.54 kQ), which can be realized by circuit
technology.

In the respect of eye implantation, the fact that retina is an exceptionally soft and frag-
ile tissue increases the difficulty of epiretinal surgery and prosthesis implantation. An
appropriate stiffness in the construction of the prosthesis is essential to aid the implanta-
tion during surgery so that the prosthesis will closely contact the ganglion layer and take
the shape of retina without retinal compression. However, overly increasing the stiff-
ness of the prosthesis will increase the mechanical pressure on the retina and may result
in tissue damage. On the other hand, as a special neural implant, the microelectrodes
should also be safe and acceptable for long-term use [22]. To design an ideal epireti-
nal microelectrode, considerations must be taken from biology, medicine, electrical and
mechanical engineering, as well as the chemical properties of each component [48],
to stimulate the retina and thereby the visual pathway via electrical stimulation. Some
early subretinal designs used photodiodes as power sources and failed due to the lack of
power. Later designs with energy supplied from external power sources report remark-
able success [7].

During the process of implant, retinal tears and large retinal detachments can occur
during surgery; placing the epiretinal devices on the surface of the retina can cause com-
pression injury to the retina. Epiretinal devices secured with tacks over normal retinas
are observed to show little histological change in the underlying retina. The presence
of the implant in the eye can cause proliferation of fibrous tissue and its complications,
such as tractional retinal detachment and retinal striae, both of which cause the elec-
trodes to be lifted from the surface of retina. This interferes with the conduction of the
current and, therefore, the functioning of the implant [49].

Rodger et al. designed arrays where the inflection points of interconnecting lines were
at right angles [23]. As a result, the stress concentration at right angles increased the
possibility of fracture during the fabrication process. In our array, the inflection angles of
microelectrodes were modified to reduce local stress concentration, which successfully
avoided fracture at the inflection point during manufacturing process. The curved angle
design is based on the consideration of manufactory process and the insertion process
of the electrode. The manufacturing of the electrode uses a “lift-off” processing tech-
nique [37]: a metallic film of Au was sputtered and patterned according to the layoff of
the electrode, and the electrodes and bonding pads and the interconnecting lines are on
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this layer. Later, after the masking layer was removed and Cr coated on the surface of the
electrodes and connecting pads corroded, the array was released from the substrate by
electrolysis of the sacrificial Al layer. During the “lift-off” process, the inflection point
of the connecting line, if designed as straight angle, delamination or fracture of the line
is easy to occur due to the stress at the inflection point. Also, delamination issues were
reported during neural stimulation, which could be due to poor adhesion between the
coating material and the metal electrode [37]. The curved angle design will increase the
contact area so as to strengthen the adhesion at the inflection point.

In the aspect of neural implantation, the sharp end of the right angle inflection point
tends to cause damage of the surrounding neural tissue; the curved corners were uti-
lized to reduce the neural damage resulting from the electrode array implantation [22].
Our design provides a wide range of flexibility of the microelectrode array that will aid
implant surgery.

Conclusions

In this study, we designed, fabricated and tested a low-cost microelectrode array using
Au as the electrode materials and parylene-C as the substrate with various pitch dis-
tances. In vitro electrochemical results showed that the array meets the requirements
for stimulating neural tissue in terms of low impedance and reasonable CIC. We provide
a new solution for bioelectrode technology for its cost-effective manufacturing proce-
dures, low impedances and good flexibility. It will greatly contribute to the development
of visual prostheses.

Abbreviations

RP: retinitis pigmentosa; AMD: age-related macular degeneration; MEMS: microelectro-mechanical systems; EIS: elec-
trochemical impedance spectroscopy; CV: cyclic voltammetry; PBS: phosphate-buffered saline; CIC: charge injection
capacity; CSC: charge storage capacity.

Acknowledgements
Parylene-C-based gold microelectrode arrays of this study were kindly provided by the State Key Laboratory on Inte-
grated Optoelectronics, the Institute of Semiconductors, Chinese Academy of Sciences.

Authors’ contributions

Authors individual contributions to this article are: Data curation and formal analysis, HC; Conceptualization and
Investigation, XX; Resources, SX; Methodology, LLHC; Project administration, Funding acquisition and Supervision, YH. All
authors read and approved the final manuscript.

Funding

This research was funded by National Key Research and Development Program of China (2017YFB1300301), Chinese
Academy of Medical Sciences Initiative for Innovative Medicine (2016-12 M-2-006), and Natural Science Foundation of
Tianjin (18JCYBJC29600).

Availability of data and materials
The datasets analyzed in this study are available from the corresponding author on reasonable request.

Consent for publication
Each participant agreed that the acquired data can be further scientifically used and evaluated. For publication, we
madesure that no individual can be identified.

Competing interests
The authors declare that they have no competing interests.

Author details

! Institute of Biomedical Engineering, Chinese Academy of Medical Sciences and Peking Union Medical College, No.
236 Baidi Road, Nankai District, Tianjin 300192, China. 2 Department of Orthopaedics and Traumatology, The University
of Hong Kong, 12 Sandy Bay Road, Pokfulam, Hong Kong, China. * Department of Electronic Engineering, City University
of Hong Kong, Tat Chee Avenue, Kowloon, Hong Kong, China.



Cui et al. BioMed Eng OnLine (2019) 18:86 Page 13 of 14

Received: 13 January 2019 Accepted: 23 July 2019
Published online: 01 August 2019

References

1.

20.

21.

22.

23.

24.

25.

26.

Santos A, Humayun MS, de Juan E Jr, Greenburg RJ, Marsh MJ, Klock IB, Milam AH. Preservation of the inner retina
in retinitis pigmentosa. A morphometric analysis. Arch Ophthalmol. 1997;115:511-5. https://doi.org/10.1001/archo
pht.1997.01100150513011.

Kim SY, Sadda S, Humayun MS, De Juan E, Melia BM, Green WR. Morphometric analysis of the macula in eyes

with geographic atrophy due to age-related macular degeneration. Retina. 2002;22:464-70. https://doi.
0rg/10.1097/00006982-200208000-00011.

Hartong DT, Berson EL, Dryja TP. Retinitis pigmentosa. Lancet. 2006;368:1795-809. https://doi.org/10.1016/50140
-6736(06)69740-7.

Rivolta C, Sharon D, DeAngelis MM, Dryja TP. Retinitis pigmentosa and allied diseases: numerous diseases, genes,
and inheritance patterns. Hum Mol Genetics. 2002;11:1219-27. https//doi.org/10.1093/hmg/11.10.1219.

Nadig MN. Development of a silicon retinal implant: cortical evoked potentials following focal stimulation of

the rabbit retina with light and electricity. Clin Neurophysiol. 1999;110:1545-53. https://doi.org/10.1016/51388
-2457(99)00027-9.

Humayun MS. Intraocular retinal prosthesis. Trans Am Ophthalmol Soc. 2001;99:271-300. https://doi.org/10.1109/
MEMB.2006.1705748.

Humayun MS, Weiland JD, Fujii GY, Greenberg R, Williamson R, Little J, Mech B, Cimmarusti V, Van BG, Dagnelie

G, de Juan E. Visual perception in a blind subject with a chronic microelectronic retinal prosthesis. Vision Res.
2003;43:2573-81. https://doi.org/10.1016/50042-6989(03)00457-7.

Mueller JK, Grill WM. Model-based analysis of multiple electrode array stimulation for epiretinal visual prostheses. J
Neural Eng. 2013;10:036002. https://doi.org/10.1088/1741-2560/10/3/036002.

Winter J, Cogan S, Rizzo J. Retinal prostheses: current challenges and future outlook. J Biomater Sci Polymer Edn.
2007;18(8):1-25. https://doi.org/10.1163/156856207781494403.

Donaldson PEK. The role of platinum metals in neurological prostheses. Plat Metals Rev. 1987;31(1):2-7.

. Schuettler M, Praetorius M, Kammer S, Schick B, Stieglitz T. Recording of auditory evoked potentials in rat using a 60

channel polyimide electrode array: preliminary results. In: Proceedings of the second joint EMBS/BMES conference,
Houston, USA, 23-26 Oct. 2002; p. 2109-10. https://doi.org/10.1109/iembs.2002.1053192.

Zhao C, Knisely KE, Colesa DJ, Pingst BE. Intracochlear sound sensor-electrode system for fully implantable cochlear
implant. J Acoust Soc Am. 2016;140(4):3377. https://doi.org/10.1121/1.4970801.

Hambrecht FT. Visual prostheses based on direct interfaces with the visual system. Baillieres Clin Neurol. 1995;4:147-
65. https://doi.org/10.1002/ana.410370419.

Maghribi M, Polla D, Rose K, Wilson T, Krulevitch P. Stretchable MicroElectrode Array. In: Proceedings of the second
annual international I[EEE-EMBS special topic conf on microtechnologies in medicine and biology, Madison, USA,
2-4 May 2002; p. 80-3. https://doi.org/10.1109/mmb.2002.1002269.

Hung A, Zhou D, Greenberg R, Judy JW. Micromachined electrodes for retinal prostheses. In: Proceedings of the 2nd
annual international IEEE-EMBS special topic conf on microtechnologies in medicine and biology, Madison, USA,
2-4 May 2002; p. 76-9. https://doi.org/10.1109/mmb.2002.1002268.

Rodger DC, Tai YC. Microelectronic packaging for retinal prostheses. IEEE Eng Med Biol Mag. 2005;24:52-7. https://
doi.org/10.1109/memb.2005.1511500.

Mokwa W. Medical implants based on microsystems. Meas Sci Technol. 2007;10:47-57. https://doi.
0rg/10.1088/0957-0233/18/5/R01.

Chloé B, Patel S, Roy A, Freda R, Greenwald S, Horsager A, Mahadevappa M, Yanai D, Matthew JM, Humayun MS,
Greenberg RJ, Weiland JD, lone F. Factors affecting perceptual thresholds in retinal prostheses. Investig Ophthalmol
Visual Sci. 2008;49:2303-14. https://doi.org/10.1167/iovs.07-0696.

Cogan SF, Troyk PR, Ehrlich J, Plante TD, Detlefsen DE. Potential-biased, asymmetric waveforms for charge-injection
with activated iridium oxide (airof) neural stimulation electrodes. IEEE Trans Biomed Eng. 2006;53:327-32. https://
doi.org/10.1109/TBME.2005.862572.

Rose TL, Robblee LS. Electrical stimulation with pt electrodes. VIIl. electrochemically safe charge injection limits with
02 ms pulses (neuronal application). IEEE Trans Biomed Eng. 1990;37:1118-20. https://doi.org/10.1109/10.61038.

Li XQ, Pei WH, Tang RY, Gui Q, Guo K, Wang Y, Chen HD. Investigation of flexible electrodes modified by tin, pt black
and irox. Sci China Technol Sci. 2011;54:2305-9. https://doi.org/10.1007/511431-011-4436-7.

Jiang X, Sui X, LuY,YanY, Zhou C, Li L, Ren QS, Chai XY. In vitro and in vivo evaluation of a photosensitive polyimide
thin-film microelectrode array suitable for epiretinal stimulation. J Neuroeng Rehabil. 2013;10:1-12. https://doi.
org/10.1186/1743-0003-10-48.

Rodger DC, Fong AJ, Li W, Ameri H, Ahuja AK, Gutierrez C, Lavrov |, Zhong H, Menon PR, Meng E, Burdick JW, Roy
RR, Edgerton VR, Weilan JD, Humayun MS, Tai YC. Flexible parylene-based multielectrode array technology for
high-density neural stimulation and recording. Sensors Actuators B. 2008;132:449-60. https://doi.org/10.1016/j.
snb.2007.10.069.

Bo LI, Chun H, Ai-Lan XU, Yu-Mei X, Qiu-Shi R. Development and characterization of flexible parylene-based neural
microelectrodes. Transd Microsyst Technol. 2007;26:101-7. https://doi.org/10.1631/jzus.2007.A1596.

PARA COAT TECHNOLOGIES. Parylene Electrical Properties. https://pctconformalcoating.com/parylene/parylene-
mechanical-properties/.

Mahadevappa M, Weiland JD, Yanai D, Fine |, Greenberg RJ, Humayun MS. Perceptual thresholds and electrode
impedance in three retinal prosthesis subjects. IEEE Trans Neural Syst Rehabil Eng. 2005;13:201-6. https://doi.
org/10.1109/tnsre.2005.848687.


https://doi.org/10.1001/archopht.1997.01100150513011
https://doi.org/10.1001/archopht.1997.01100150513011
https://doi.org/10.1097/00006982-200208000-00011
https://doi.org/10.1097/00006982-200208000-00011
https://doi.org/10.1016/S0140-6736(06)69740-7
https://doi.org/10.1016/S0140-6736(06)69740-7
https://doi.org/10.1093/hmg/11.10.1219
https://doi.org/10.1016/S1388-2457(99)00027-9
https://doi.org/10.1016/S1388-2457(99)00027-9
https://doi.org/10.1109/MEMB.2006.1705748
https://doi.org/10.1109/MEMB.2006.1705748
https://doi.org/10.1016/S0042-6989(03)00457-7
https://doi.org/10.1088/1741-2560/10/3/036002
https://doi.org/10.1163/156856207781494403
https://doi.org/10.1109/iembs.2002.1053192
https://doi.org/10.1121/1.4970801
https://doi.org/10.1002/ana.410370419
https://doi.org/10.1109/mmb.2002.1002269
https://doi.org/10.1109/mmb.2002.1002268
https://doi.org/10.1109/memb.2005.1511500
https://doi.org/10.1109/memb.2005.1511500
https://doi.org/10.1088/0957-0233/18/5/R01
https://doi.org/10.1088/0957-0233/18/5/R01
https://doi.org/10.1167/iovs.07-0696
https://doi.org/10.1109/TBME.2005.862572
https://doi.org/10.1109/TBME.2005.862572
https://doi.org/10.1109/10.61038
https://doi.org/10.1007/s11431-011-4436-7
https://doi.org/10.1186/1743-0003-10-48
https://doi.org/10.1186/1743-0003-10-48
https://doi.org/10.1016/j.snb.2007.10.069
https://doi.org/10.1016/j.snb.2007.10.069
https://doi.org/10.1631/jzus.2007.A1596
https://pctconformalcoating.com/parylene/parylene-mechanical-properties/
https://pctconformalcoating.com/parylene/parylene-mechanical-properties/
https://doi.org/10.1109/tnsre.2005.848687
https://doi.org/10.1109/tnsre.2005.848687

Cui et al. BioMed Eng OnLine (2019) 18:86 Page 14 of 14

27. Behrend MR, Ahuja AK, Humayun MS, Chow RH, Weiland JD. Resolution of the epiretinal prosthesis is not limited by
electrode size. [EEE Trans Neural Syst Rehabil Eng. 2011;19(4):436-42. https://doi.org/10.1109/tnsre.2011.2140132.

28. Franks W, Schenker I, Schmutz P, Schmutz P, Hierlemann A. Impedance characterization and modeling of electrodes
for biomedical applications. IEEE Trans Biomed Eng. 2005;52(7):1295-302. https://doi.org/10.1109/TBME.2005.847523.

29. Warburg E. Ueber das Verhalten sogenannter unpolarisbarer Elektroden gegen Wechselstrom. Annalen der Physik
und Chemie. 1899,67:493-9. https://doi.org/10.1002/andp.18993030302.

30. Fricke H.The theory of electrolytic polarization. Philosoph Mag. 1932,7:310-8. https://doi.org/10.1080/1478644320
9462064.

31. Randles JEB. Kinetics of rapid electrode reactions. Discuss Faraday Soc. 1947;1:11-9. https://doi.org/10.1039/DF947
0100011.

32. Huang CQ, Shepherd RK, Center PM, Seligman PM, Tabor B. Electrical stimulation of the auditory nerve: direct cur-
rent measurement in vivo. IEEE Trans Biomed Eng. 1999;46:461-9. https://doi.org/10.1109/10.752943.

33. Tykocinski M, Duan Y, Tabor B, Cowan RS. Chronic electrical stimulation of the auditory nerve using high surface area
(HiQ) platinum electrodes. Hear Res. 2001;159(1):53-68.

34, BeniV, Arrigan D. Microelectrode arrays and microfabricated devices in electrochemical stripping analysis. Curr Anal
Chem. 2008;4:229-41. https://doi.org/10.2174/157341108784911406.

35. Aregueta-Robles UA, Woolley AJ, Poole-Warren LA, Lovell NH. Organic electrode coatings for next-generation neural
interfaces. Front Neuroeng. 2014;7:15. https://doi.org/10.3389/fneng.2014.00015.

36. Onnela N, Savolainen V, Hiltunen M, Kellomaki M, Hyttinen J. Impedance spectra of polypyrrole coated platinum
electrodes. In: 35th Annual international conference of the IEEE engineering in medicine and biology society
(EMBS), Osaka, Japan, 3—7 July 2013; p. 539-42. https://doi.org/10.1109/embc.2013.6609556.

37. LuY, Lyu H, Richardson AG, et al. Flexible neural electrode array based-on porous graphene for cortical microstimu-
lation and sensing. Scientific Reports. 2016;6:33526. https://doi.org/10.1038/srep33526.

38. Metallo C, White RD, Trimmer BA. Flexible parylene-based microelectrode arrays for high resolution EMG record-
ings in freely moving small animals. J Neurosci Methods. 2011;195:176-84. https://doi.org/10.1016/jjneum
eth.2010.12.005.

39. CastagnolaV, Descamps E, Lecestre A, Dahan L, Remaud L, Nowak LG, Bergaud C. Parylene-based flexible neural
probes with PEDOT coated surface for brain stimulation and recording. Biosens Bioelectron. 2015;67:450-7. https://
doi.org/10.1016/j.bi0s.2014.09.004.

40. Mccreery DB, Agnew WF, Yuen TGH, Bullara L. Charge density and charge per phase as cofactors in neural injury
induced by electrical stimulation. IEEE Trans Biomed Eng. 1990;37:96-1001. https://doi.org/10.1109/10.102812.

41. Jones BW, Watt CB, Marc RE. Retinal remodeling. Clin Exp Optomol. 2005;88(5):282-91. https://doi.
0rg/10.1111/j.1444-0938.2005.tb06712.X.

42. Humayu MS, Propst R, Juan ED, Mccormick K, Hickingbotham D. Bipolar surface electrical stimulation of the verte-
brate retina. Arch Ophthalmol. 1994;112:110-6. https://doi.org/10.1016/0042-6989(94)90168-6.

43. Tektronix. Low level measurements handbook, 7th edn. https://www.tek.com/document/handbook/low-level
-measurements-handbook.

44, SakaguchiH, Fujikado T, Fang X, Kanda H, Osanai M, Nakauchi K, lkuno 'Y, Kamei M, Yaqi T, Nishimura S, Ohji M, Yagi T,
Tano Y. Transretinal electrical stimulation with a suprachoroidal multichannel electrode in rabbit eyes. Jon J Ophthal-
mol. 2004,48:256-61. https://doi.org/10.1007/510384-004-0055-1.

45. ChenK, Lo, YK, LiuW. A 37.6 mm? 1024-channel high-compliance-voltage soc for epiretinal prostheses. In: 2013
IEEE International Solid-State Circuits Conference Digest of Technical Papers, San Francisco, USA, 17-21 Feb 2013; p.
294-5. https://doi.org/10.1109/isscc.2013.6487741.

46. Wong YT, Ahnood A, Maturana MI, Kentler W, Ganesan K, Grayden DB, Meffin H, Prawer S, Ibbotson MR, Burkitt AN.
Feasibility of nitrogen doped ultrananocrystalline diamond microelectrodes for electrophysiological recording from
neural tissue. Front Bioeng Biotechnol. 2018;6:85. https://doi.org/10.3389/fbioe.2018.00085.

47. FuY,Yuan R, Xu L, ChaiY, Zhong X, Tang D. Indicator free dna hybridization detection via eis based on self-assem-
bled gold nanoparticles and bilayer two-dimensional 3-mercaptopropyltrimethoxysilane onto a gold substrate.
Biochem Eng J. 2005;23:37-44. https://doi.org/10.1016/j.bej.2004.10.008.

48. Rizzo JF, Wyatt J, Loewenstein J, Kelly S, Sbire D. Methods and perceptual thresholds for short-term electrical stimu-
lation of human retina with microelectrode arrays. Methods and perceptual thresholds for short-term electrical
stimulation of human retina with microelectrode arrays. Invest Ophthalmol Vis Sci. 2003;44:5355-461. https://doi.
org/10.1167/iovs.02-0819.

49. Husain D, Loewenstein JI. Surgical approaches to retinal prosthesis implantation. Int Ophthalmol Clin.
2004;44(1):105-11. https://doi.org/10.1097/00004397-200404410-00012.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1109/tnsre.2011.2140132
https://doi.org/10.1109/TBME.2005.847523
https://doi.org/10.1002/andp.18993030302
https://doi.org/10.1080/14786443209462064
https://doi.org/10.1080/14786443209462064
https://doi.org/10.1039/DF9470100011
https://doi.org/10.1039/DF9470100011
https://doi.org/10.1109/10.752943
https://doi.org/10.2174/157341108784911406
https://doi.org/10.3389/fneng.2014.00015
https://doi.org/10.1109/embc.2013.6609556
https://doi.org/10.1038/srep33526
https://doi.org/10.1016/j.jneumeth.2010.12.005
https://doi.org/10.1016/j.jneumeth.2010.12.005
https://doi.org/10.1016/j.bios.2014.09.004
https://doi.org/10.1016/j.bios.2014.09.004
https://doi.org/10.1109/10.102812
https://doi.org/10.1111/j.1444-0938.2005.tb06712.x
https://doi.org/10.1111/j.1444-0938.2005.tb06712.x
https://doi.org/10.1016/0042-6989(94)90168-6
https://www.tek.com/document/handbook/low-level-measurements-handbook
https://www.tek.com/document/handbook/low-level-measurements-handbook
https://doi.org/10.1007/s10384-004-0055-1
https://doi.org/10.1109/isscc.2013.6487741
https://doi.org/10.3389/fbioe.2018.00085
https://doi.org/10.1016/j.bej.2004.10.008
https://doi.org/10.1167/iovs.02-0819
https://doi.org/10.1167/iovs.02-0819
https://doi.org/10.1097/00004397-200404410-00012

	Electrochemical characteristics of microelectrode designed for electrical stimulation
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Materials
	Microelectrodes layout
	Fabrication process
	Electrochemical measurements in vitro
	Charge injection capacity measurements

	Results
	Discussion
	Conclusions
	Acknowledgements
	References




