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Abstract

Platinum (Pt) is one of the most commonly used materials for neural interface owing to its excellent
biocompatibility and good charge transfer characteristics. Although Pt is generally regarded

to be a safe and inert material, it is known to undergo irreversible electrochemical dissolution
during neurostimulation. The byproducts of these irreversible electrochemical reactions are

known to be cytotoxic that can damage the surrounding neural substrate. With decreasing size

of microelectrodes for more advanced high-density neural interfaces, there is a need for a more
reliable, safe, and high-performance neurostimulating electrodes. In this work, we demonstrate
that a monolayer of graphene can significantly suppress Pt dissolution while maintaining excellent
electrochemical functionality. We microfabricated bare and graphene-coated Pt microelectrodes
with circular and fractal designs and measured their Pt dissolution rate using inductively coupled
plasma mass spectrometry. In addition, we measured changes in electrochemical characteristics of
these microelectrodes before and after a prolonged stimulation period to quantify the effects of Pt
dissolution and graphene protective layer. We confirm that fractal microelectrodes do have a better
charge transfer performance than conventional circular designs but bare Pt fractal microelectrodes
had significantly faster dissolution rate than the circular ones. When coated with monolayer of
graphene, however, Pt dissolution was reduced >97% for fractal microelectrodes while they retained
the superior charge transfer characteristics. The results of our work suggest that graphene can serve

as an excellent diffusion barrier that can ameliorate the concerns for Pt dissolution in chronically

implanted neurostimulation microelectrodes.

1. Introduction

Platinum (Pt) is widely used in neurostimulation
devices as the electrode material and is regarded as
the gold standard for implantable neural interface
[1-6]. However, a well-known problem of using
Pt, especially for a high-density neural interface
with microscale electrodes, is that it can undergo
irreversible  electrochemical  reactions  during
neurostimulation that can physically alter the
electrode surface. Irreversible Pt dissolution can occur
during neurostimulation due to cyclic formation and
reduction of an oxide layer on Pt surface [7]. Moreover,
Pt can react with the chloride ions during the anodic

phases to form platinum chloride species that can
affect cellular physiology [8—10].

Pt dissolution can have detrimental effects on the
functional lifetime of neural interface by altering the
geometry, the material, and the electrical properties of
the microelectrode [11, 12]. Moreover, the byproduct
of Pt dissolution may be toxic to the surrounding neu-
ral tissue. Pt concentration as low as 1 ppm is known to
cause morphological and functional changes in neu-
rons, and Pt concentration over 50 ppm is thought to
have cytotoxic effects [13]. More recently, Wissel et al
revealed that released Pt during the stimulation can
significantly reduce mitochondrial activity and induce
oxidative stress on cells [ 14].
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Pt dissolution is thought to occur even at low cur-
rent levels. In one of the classic experiments, Robblee
et al, demonstrated a Pt dissolution rate of 0.5 g cm™?
in vivo for 1.1 mm-diameter circular electrodes even
with a low charge density of 20 C cm ™2 With smaller
microelectrodes, the dissolution process is expected to
be accelerated. This may be problematic especially for
fractal microelectrodes that are thought to have super-
ior charge transfer capabilities than conventional circu-
lar electrodes [15—17]. Although the dissolution rate is
known to be slower in vivo due to protein layer adsorp-
tion on the microelectrodes, the fractal designs are still
expected to experience significant dissolution during
neurostimulation due to their higher current density.

With the growing demand for more advanced flex-
ible and minimally invasive neural interfaces (annual
growth rate of 7%-17%) and the the increase in the
number of neurological disorders (36.7% between
1990 and 2015), the use of high-density Pt microelec-
trodes in neurostimulation devices is likely to experi-
ence continued growth in the future [18, 19]. However,
the concerns for neural interface stability due to Pt
dissolution of microelectrodes may temper the excite-
ment for these advanced microfabricated devices.
Therefore, a better solution to prevent Pt dissolution
is needed to ensure that these chronic neural interface
remain functional for long-term usage.

In this work, we demonstrate that a graphene
monolayer can be used as a protective layer that can
significantly alleviate Pt-dissolution during a pro-
longed neurostimulation while maintaining good
charge transfer characteristics. Graphene is a two-
dimensional carbon sheet with a honeycomb struc-
ture. With the long range m-conjugation, graphene
is widely used in electronics, energy, and biomedical
applications because of its remarkable mechanical,
thermal, and electrical characteristics [20-26]. Fur-
thermore, because of its impermeability against gas
and liquid, graphene is known to be an excellent dif-
fusion barrier that can protect the surfaces of reactive
metals from oxidation [27-30].

Here we microfabricated fractal and circular Pt-
microelectrodes to measure their dissolution rates
during a prolonged neurostimulation in a proteina-
ceous buffer solution. We compared the dissolution
rate of the bare Pt with graphene-coated Pt (G-Pt)
microelectrodes using an inductively coupled plasma-
mass spectroscopy (ICP-MS) and confirmed the
compositional changes using an x-ray energy disper-
sive spectroscopy (EDX). Furthermore, we measured
the changes in electrochemical properties of various
microelectrodes before and after an extended neu-
rostimulation. We found that a graphene monolayer
significantly decreased the Pt dissolution rate to neg-
ligible levels even for fractal microelectrodes with lit-
tle change in their charge transfer characteristics dur-
ing charge-balanced biphasic stimulation. Our results
suggest that a graphene monolayer may be used to mit-
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igate Pt-dissolution in chronically implantable neu-
ral interface devices. Moreover, these results suggest a
path forward for utilizing the fractal microelectrodes
for high-density neural stimulation applications (e.g.
deep brain stimulation, vision prostheses, etc) without
the potential reliability issues.

2. Materials and methods

2.1. Device fabrication

The circular and fractal shaped microelectrodes were
designed to have identical surface area (7.854 x 1073
mm) to investigate the impact of geometry on Pt
corrosion. Pt microelectrodes array were fabricated on
500 nm film of silicon oxide by thermal oxidation of
silicon wafer. Microelectrodes patterns were defined
using a positive photoresist (AZ1518, MicroChem,
Newton, MA, USA), which is followed by deposition
of Ti adhesion layer (10nm) and Pt layer (100 nm
thick) using e-beam evaporator. The metal patterns
were achieved by lift-off process using acetone. SU-8
passivation layer (1.5 ym thick) was spin-coated and
patterned using photolithography.

To fabricate the G-Pt microelectrode, a monolayer
of graphene (~1.7 nm-thick [31]) was grown on cop-
per (Cu) substrate by low pressure chemical vapor
deposition (CVD) at 1000 °C using methane as carbon
precursor. Poly(methyl methacrylate) (PMMA) was
first spin coated on the graphene layer to aid the trans-
fer process. After curing the PMMA at 180 °C for 5min,
the Cuwas etched away by FeCl; solution. The PMMA/
graphene stack was washed with deionized water, then
the stack was transferred onto Pt patterned substrate.
PMMA was removed using acetone, the sample was
cleaned with isopropyl alcohol (IPA). The transferred
graphene was patterned using photolithography and
reactive ion etching with oxygen plasma. Finally, SU-8
was coated and patterned for passivation layer.

2.2. Inductively coupled plasma mass spectrometry
(ICP-MS)

To measure Pt dissolution rate, the 3D printed testing
chamber was filled with air-saturated phosphate-
buffered saline (PBS) with composition of 1.1 mM
KH,PO,, 155mM NaCl, 3mM Na,HPO,-H,O
with pH 7.4 (ThermoFisher Scientific, Waltham,
MA, USA) with 0.2mg ml~! bovine serum albumin
(ThermoFisher Scientific, Waltham, MA, USA) at
room temperature. The current pulses for 0.35 mC
cm 2 were injected into the electrode at 50 Hz with a
1 ms pulse width and 1 ms inter-pulse delay. Aliquots of
PBS in the testing chamber were taken every 2 h during
the 10h stimulation of each electrode type (n =3,
each) and measured the Pt concentration change using
Thermo Element IT ICP-MS (ThermoFisher Scientific,
Waltham, MA, USA. Collected samples were digested
using aqua regia and diluted with 4% HCI for ICP-MS
analysis of Ption concentration.
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2.3. Cyclicvoltammetry and electrochemical
impedance spectroscopy

CV and EIS was measured using a potentiostat (SP-
200, Bio-Logic.Inc, Seyssinet-Pariset, France) with
Ag/AgCl with 3M KCI (RE-1CP, ALS Co. Ltd., Tokyo,
Japan), 5mm diameter graphite counter electrode,
and working electrodes on the microelectrode array.
CV was measured in PBS with 0.2mg ml~! BSA.
Scan rate for CV was 50 mV s! between potential
range of —0.6V and 0.8V versus Ag/AgCl reference
electrode. The cathodic charge storage capacities
(CSC,) was calculated from the overall charge storage
capacity (CSC) using the following:

1[5 .
CSCVA/E[ li| dE (C cm™7) (1)

with the potential versus Ag/AgCl reference electrode
E, the measured current i, the positive and negative
potential boundaries E, and E,, the surface area of the
microelectrode A, and the scan rate v. For CSC,, only
the cathodic current was used for calculation. EIS were
measured with the AC voltage perturbation potential
of 30 mV amplitude in the frequency range from 1 to
100kHz in PBS with BSA at room temperature.

2.4. Voltage transient with long-term stimulation
The charge-balanced biphasic current pulse was
applied using a sourcemeter (2601A, Keithley,
Cleveland, OH, USA) with a biased interpulse
potential level to OV versus Ag/AgCl reference
electrode. The voltage transient measurements were
performed in the PBS with BSA at room temperature.
To prevent DC leakage during the stimulation, an
isolation capacitor (10 uF) was placed between the
sourcemeter and working electrode. The pulsing was
done at 50 Hz with a 1 ms pulse width and 1 ms inter-
phase delay. The current pulses were injected into the
electrode, and a data acquisition board (NI USB-6333,
National Instruments, Austin, TX, USA) was used to
record the voltage transient. The time delay that the
applied current is completely off was measured to be
approximately 50 us, therefore, E,c was estimated at
50 ps immediately after the end of the cathodic pulse.
To estimate Qjpj, Emc of each electrode was measured
in the range of specific injected charge density (0.15,
0.2,0.25,0.3,0.35 mC cm™2). Regression function was
estimated using the E,. points in the injected charge
density range, and Qjpj was calculated by the regression
function.

3. Resultsand discussion

3.1. Designand fabrication

Leveraging our previous fractal microelectrode design,
we fabricated G-Pt microelectrodes with the Vicsek
fractal shape and the circular microelectrodes [17].
The fractal electrode was designed to have the same
surface area with the circular microelectrode (7854 1
m?). Figure 1(A) illustrates the overall fabrication flow.
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Monolayer graphene grown on copper (Cu) by CVD
was transferred onto Pt-microelectrodes using the wet
graphene transfer [32]. Graphene was patterned using
a reactive ion etcher (RIE), which was subsequently
passivated and patterned using SU-8 leaving only the
microelectrodes and the contact pads exposed. Bare Pt
microelectrodes with the fractal and circular designs
were also fabricated as comparison.

3.2. Platinum dissolution

Figures 2(A) and (B) show bare Pt microelectrodes
before and after a continuous 3 d stimulation using
0.35mC cm2at 50 Hz, which is below the safety charge
injection limit for Pt electrodes [33, 34]. Both fractal
and circular design showed significant dissolution
only after 3 d in a proteinaceous PBS.

Figure 2(C) compares the amount of Pt released
over the stimulation period for bare and G-Pt micro-
electrodes with circular and fractal designs. In our
previous study, the fractal microelectrodes exhibited
higher current density across its surface than the cir-
cular microelectrodes for a given electrode potential
[17]. With the increased current density, we predicted
that the electrode dissolution may be predicted. As
we expected, the bare Pt microelectrodes with fractal
design showed the highest dissolution rate with 35.4 ng
C~! than its circular counterpart with dissolution rate
of a8.7ng C ! for 10 h-stimulation. Conversely, both
fractal and circular G-Pt exhibited significant reduc-
tion in Pt dissolution rate compared to their bare Pt
counterparts (1.0ng C™! for both), which supports
our hypothesis that the graphene monolayer can effec-
tively prevent dissolution as a diffusion barrier.

When comparing the total amount of lost Pt, the
effectiveness of graphene monolayer in preventing
dissolution becomes clearer (figure 2(D)). For fractal
microelectrodes, the graphene layer reduced Pt disso-
lution by 97% after 10h (p < 0.01, table S1). For circu-
lar microelectrodes, it reduced Pt dissolution by 88%
(p < 0.01). For a longer stimulation period, we expect
the percent reduction to be even larger for each elec-
trode design.

To explore stability of the graphene layer on the Pt
electrode surface, we performed Raman spectroscopy
on G-Pt electrode surface (figure S1 (stacks.iop.org/
TDM/6/035037/mmedia)). We observed the char-
acteristic peaks for graphene monolayer before and
after the neurostimulation, which suggests that gra-
phene layer was not affected by the biphasic stimu-
lation. We also confirmed the compositional changes
using EDX (figure 3, figure S2). After 10h stimula-
tion, both fractal and circular bare Pt microelec-
trodes had higher oxygen and lower Pt contents than
before the stimulation (table S2). The Pt contents
were decreased by the dissolution process, which
suggests that the electroactive surface may also be
reduced. In contract, we saw little change in oxygen
and Pt contents on G-Pt microelectrodes following
the 10 h stimulation.
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Figure 1. G-Ptmicroelectrodes with different shapes. (A) Fabrication process of G-Pt microelectrodes: metal patterning for
electrodes and contact pads on silicon oxide on silicon wafer. Transfer the monolayer graphene. Graphene patterning for electrode
sites. SU-8 patterning for the passivation layer. (B) Optical micrographs of the fabricated G-Pt microelectrodes. Scale bar =100 pm.

Although we demonstrated that the Pt dissolu-
tion may be suppressed using a graphene monolayer,
we will need to further explore the robustness of this
approach. The anti-corrosion properties of graphene
demonstrated in other non-noble metal has shown
that potential defects, cracks, or scratches on gra-
phene could lead to a localized oxidation [35-38],
which may be why we still observed some dissolution
on G-Pt microelectrodes. These defects in graphene
could provide a diffusion channel for molecules such
as O, and H,O through the graphene-metal interface
[39—41] and the space between graphene—metal inter-
face may act as a 2D container for Faradaic reactions
[42—44]. When the coupling is strong, the density of
states of graphene gets modified and changes from the
Dirac cone dispersion to a more conventional para-
bolic dispersion [45]. As such, we suspect that differ-
ent substrate metals have varying degrees of coupling
interaction with graphene, which can impact various

electrochemical reactions including corrosion and
charge transfer process. Therefore, a careful consid-
eration of metallic substrate may be necessary to avoid
generation of potentially harmful electrochemical
byproducts that can compromise the neural interface
over long-term.

One way to mitigate graphene defects is to use
multi-layer graphene. However, additional graphene
layers may increase overall electrode impedance and
reduce charge transfer performance of these stimu-
lating microelectrodes. Nevertheless, it would be
informative to demonstrate the impact of monolayer
and multi-layer G-Pt microelectrodes using in vitro
and in vivo models. Our results show that G-Pt micro-
electrodes had only 0.019ng ml~! of dissolution after
10h stimulation. In previous studies, >1.6 pug ml™!
of dissolved Pt was required to induce cell death [45].
Although it would require 35 d of continuous stimu-
lation to generate such large concentration Pt from
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Figure2. Ptmicroelectrodes dissolution. (A) Representative optical image of Pt microelectrode with the fractal design before (top)
and after (bottom) 3 d stimulation. Scale bar =50 pm. (B) Optical images of circular Pt microelectrodes before (top) and after
(bottom) 3 d stimulation. Scale bar =50 pm. (C) Pt concentration in PBS from the fractal and circle microelectrodes with Pt and
G-Pt. (D) Total Pt dissolution for 10 h-stimulation, which showed statistically significant reduction for both fractal and circular

w)
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monolayer G-Pt, it would be interesting to see how
multi-layer G-Pt microelectrodes would perform.

3.3. Cyclicvoltammetry

To investigate the impact of Pt dissolution on the
electrochemical performance and the CSC, of these
microelectrodes, we performed CV measurements
on bare Pt and G-Pt microelectrodes with different
designs. Figures 4(A) and (B) show a substantial
decrease in oxidation and reduction peaks following
a 10h of stimulation using bare Pt microelectrodes
with either fractal or circular design. These results
suggest that the bare Pt microelectrodes not only
demonstrate physical changes (figure 2) but they also
undergo substantial changes to their electrochemical
characteristics after only a 10h of continuous
stimulation. In comparison, G-Pt microelectrodes
demonstrated little change in CV after the same
treatment (figures 4(C) and (D)). Compared to
the bare Pt microelectrodes, G-Pt ones showed
substantially decreased Faradaic reaction peaks, which

supports our hypothesis that the graphene layer can
significantly reduce Pt dissolution by impeding the
diffusion of oxidative species.

The CSC, measures the total amount of charge
available for a single cathodic stimulation pulse,
which is an indication of the cathodic charge injection
capacity. Using one-way ANOVA with Tukey’s HSD
post-hoc test, we compared the CSC, of each micro-
electrode before and after the 10h stimulation (figure
4(E)). The CSC. of bare Pt microelectrodes decreased
significantly after the 10h stimulation (p < 0.01). As
expected, the fractal microelectrodes showed a more
significant CSC, decrease than the circular microelec-
trodes.

However, G-Pt microelectrodes showed little
changes in CSC, before and after the stimulation. This
further supports our hypothesis that the graphene
layer can provide protection against Pt dissolution
and prevent changes in charge transfer characteristics.
Although G-Pt microelectrodes had smaller CSC, than
bare Pt microelectrodes, which is most likely due to the
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Figure 3. Optical images and the corresponding EDX color map of Pt and G-Pt microelectrodes. In the EDX image, pink, green,
blue, orange, red dots indicate the presence of Pt, oxide, silicon, titanium, and carbon, respectively. Scale bar =50 ;zm. Note the
change in coloration in both optical and EDX images that suggests change in electrode material.

A: B. E
ol —Pt-F-0h T —Pt-C-0h 12
g g moh O10h
e o s PEC-108 — ¥ *x
E 1 E 1 L] — —
= R E ¥ XX
> 05 > 05 [3) — M
s, : =
€05 £-05
g g £
3 3 8 8
1.5 1.5 o
A A &
08 -06 -04 02 0 02 04 06 08 1 08 06 04 02 0 02 04 06 08 1 O
Potential vs. Ag/AgCI [V] Potential vs. Ag/AgCI [V] o
(=]
C D o 6
S
2 2 ]
— —G-Pt-F-0h — —G-Pt-C-0h (/2]
‘*E 15 “‘E 15 Q
S ++1+G-Pt.F-10h ] ++++G-P-C-10h D
< 1 < 1 H
E E £
> 0.5 2 0.5 %
[} ]
€ 9 € 9 —
g ﬁ’ g ‘jﬂw _g 2
T-05 T -05 <
E g 5
3 - 3" S
08 06 04 02 © 02 04 05 08 908 o5 04 02 0 0z 04 o6 o8 1 0
.8 X .4 .2 .. .4 X X 1 . X X F .. X X .
Potential vs. Ag/AgCI [V] Potential vs. Ag/AgCI [V] Pt-F G-Pt-F P-C G-Pt-C

Figure4. CV of Ptand G-Pt microelectrodes. (A) CV of fractal Pt microelectrodes before and after the stimulation. (B) CV of the
circular Pt microelectrodes . (C) Cyclic voltammetry measurements on the fractal G-Pt microelectrodes. (D) Cyclic voltammetry
measurements on the circular G-Pt microelectrodes. (E) CSC of each electrode (n = 5 for each). Note that ANOVA showed
statistically significant differences between electrodes (s, p < 0.01).
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p < 0.05,and *x for p < 0.01). (F) Impedance of G-Ptat 1 kHz. (G) Equivalent circuit model for each electrode in PBS with BSA.

reduction in Faradaic charge transfer, the improved
stability in CSC, suggest G-Pt may be a better neural
interface for chronic implantation.

3.4. Electrochemical impedance spectroscopy

Next, we performed EIS to evaluate the changes in
microelectrode impedance following the stimulation
(n =15, each). Figure 5(A) shows the impedance
spectra of the bare Pt and G-Pt microelectrodes before
and after the stimulation. Throughout the entire
frequency range, the impedance of bare Pt electrodes
increased (figure 5(A)) . In contrast, we observed
relatively small differences in the G-Pt microelectrodes
(figure 5(B)).

The phase responses of Pt and G-Pt microelec-
trodes had different shapes, which demonstrate the
impacts of electrode design and graphene coating (fig-
ures 5(C) and (D)). Compared to the bare Pt micro-
electrodes, G-Pt microelectrodes showed relatively

small change in phase responses before and after the
stimulation. When comparing theimpedance at 1 kHz,
we saw that the impedance of bare Pt microelectrodes
increased significantly following the stimulation (fig-
ure 5(E)). Conversely, we found no significant differ-
ences in impedances for G-Pt microelectrodes after the
stimulation (figure 5(F)), which further demonstrate
superior stability of G-Pt microelectrodes.

To better understand the electrochemical charac-
teristics of the microelectrodes, EIS data were fitted to
an equivalent circuit model to estimate the parameters
of a solution resistance Ry, a charge transfer resistance
R, a double layer capacitance Cy), a resistance of the
adsorbed protein film Ry, capacitance of the protein
film C¢, and the Warburg element W (figure 5(G)) [46,
47] (figure 5(G)). Overall, the fractal microelectrodes
had lower resistive components (R;, R, and R¢) than
circular microelectrodes (table S3). Following the
stimulation, we saw substantial changes in each fitted
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Figure 6. Voltage transients measurement. (A) Representative voltage transient of microelectrode with biphasic, symmetrical
current pulse at 50 Hz frequency. (B) Voltage transients from Pt microelectrodes with circular and fractal shape before and after 10h
stimulation. (C) Voltage transients from G-Pt microelectrodes with circular and fractal shape before and after 10 h stimulation. (D)
Maximum negative potential excursion. (E) Driving voltage from the microelectrodes. (F) Charge injection limit (x for p < 0.05,
and s for p < 0.01).

parameter for bare Pt microelectrodes. The changes
were more pronounced for fractal than circular micro-
electrodes, which highlight the risk of using unpro-
tected fractal microelectrodes. However, we saw mini-
mal changes across all estimated EIS parameters for the
G-Pt microelectrodes after the stimulation.

Interestingly, R were higher for bare Pt microelec-
trodes than G-Pt ones. In contrast, Cy of bare Pt micro-
electrodes were lower than that of G-Pt microelec-
trodes. Compared to the surface potential of Pt (<200
mV) [48],the graphene layer has alower surface poten-
tial (—77 mV) in PBS [49], which can electrostatically
repulse negatively charged BSA molecules with the
surface potential of —20.3 mV in PBS [50]. There-
fore, we suspect that there may be a smaller amount of
adsorbed protein on Gt-Pt microelectrodes than on
bare Pt microelectrodes. Moreover, we saw that the R¢
increased while C¢ decreased following a 10 h stimula-
tion of bare Pt microelectrodes, which maybe duetoan
increased amount of adsorbed protein. In contrast, we
saw little change in R and C for G-Pt microelectrodes,
which suggests there may be relatively little change in
protein adsorption amount on these electrodes even
after a prolonged neurostimulation.

3.5. Voltage transients
Finally, we compared the voltage transient
characteristics of the microelectrodes to confirm

the long-term stimulation charge-injection capacity
(n =75, each). Each electrode was stimulated using
biphasic, symmetric pulses with 1ms pulse width
at 26.97 nC per phase (0.35 mC cm ™2 with 26.97 uA
at 50 Hz). The interphase potential was set to 0V
versus Ag/AgCl reference electrode. To compare, we
measured the maximum negative potential excursion
(Emc), the maximum driving voltage (Vy,), and the
charge injection limit (Qjy;) from the voltage transient
responses (figure 6(A)). Figure 6(B) shows that the
maximum negative voltages of both types of bare Pt
microelectrodes increased after the 10 h of stimulation.
However, G-Pt microelectrodes maintained relatively
stable voltage transient responses following the
stimulation (figure 6(C)).

The E, is the potential required to polarize the
electrode, which is measured at the end of the cathodic
phase of the biphasic pulse. Figures 6(D) and (E) show
the comparison of E;c and Vy, for each electrode at
26.97 nC per phase. In general, fractal microelectrodes
have lower E,. and Vg, than the circular ones as we
demonstrated previously [17]. Moreover, the bare Pt
fractal microelectrodes showed a larger increase in Ey,
and Vy, following 10h stimulation than the circular
microelectrodes, which highlight the design’s vulner-
ability. However, G-Pt microelectrodes showed virtu-
ally no change in E,, and Vy, following the stimula-
tion.
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When comparing the Qjy; of each microelectrode,
the benefit of G-Pt became even more apparent (fig-
ure 6(E)). Our results showed that bare fractal micro-
electrodes suffered significant loss in Qjp; after the
10h stimulation while G-Pt microelectrodes main-
tained its Qjnj. This bodes well for the high perform-
ing fractal designs because their post-stimulation Qjy;
remained >3X of the circular microelectrodes.

4. Conclusions

From these results, we conclude the following: (1)
long-term stimulation of Pt microelectrodes can result
in dissolution-induced electrode degradation and
failure; (2) fractal microelectrodes have significantly
superior charge transfer characteristics than simple
circular design; (3) fractal microelectrodes are more
susceptible to stimulation-induced dissolution;
(4) however, graphene monolayer can significantly
reduce the stimulation-induced dissolution in Pt
microelectrodes. Taken together, our results suggest
that G-Pt fractal microelectrodes may provide an
electrochemically more stable interface for neural
stimulation. In the future, we plan to verify the long-
term reliability and the robustness of these graphene
coating and to confirm these finding using in vitro and
in vivo models.
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