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Abstract: Decoding the cellular network interaction of
neurons and glial cells are important in the development of
new therapies for diseases of the central nervous system
(CNS). Electrophysiological in vivo studies inmice will help
to understand the highly complex network. In this paper,
the optimization of epidural liquid crystal polymer (LCP)
electrodes for different platinum electroplating parameters
are presented and compared. Constant current and pulsed
current electroplating varied in strength and duration was
used to decrease the electrode impedance and to increase
the charge storage capacity (CSCC). In best cases, both
methods generated similar results with an impedance
reduction of about 99%. However, electroplating with
pulsed currents was less parameter-dependent than the
electroplating with constant current. The use of ultrasound
was essential to generate platinum coatings without
plating defects. Electrodemodel parameters extracted from
the electrode impedance reflected the increase in surface
porosity due to the electroplating processes.

Keywords: charge storage capacity (CSCC); electrode
impedance; electrode model; electroplating; platinum;
pulsed current; ultrasound.

Introduction

Many different diseases or injuries of the central nervous
system (CNS) have a great disabling impact on everyday

life. A better understanding of the cellular signaling and
network interactionmight help to develop better therapies.
With murine in vivo studies the CNS can be investigated in
many different pathological models, such as epilepsy [1] or
traumatic brain injury [2].

Electrophysiology is one approach to record or to induce
cell activity in living animals. Thus, cost-effective electrodes
made from a liquid crystal polymer (LCP) with two different
gold electrode sites were developed (Figure 1). Electroplated
nanoporous platinum on the top of the electrode sites could
improve the effective surface area and thereby, the elec-
trodes’ electrochemical properties. Changing the plating
parameters such as the electrode overpotential and the
structure of the base substrate, varies the structure of plat-
inum coating [3]. In order to find the possible best electro-
chemical improvement for these type of LCP electrodes,
different electroplating processes were tested. Plating with
pulsed currents to periodically change the electrode poten-
tial were compared with constant currents, both varied in
amplitude and in electroplating time. In addition, the influ-
ence of ultrasound application during the electroplating
process was investigated, because some improvements were
reported previously [4, 5]. With cyclic voltammetry and
impedance spectroscopy common techniques were used to
characterize the electrochemical properties of the electrode
[6]. Cyclic voltammetry characterized the electrochemical
reactions at the electrode surface and therewith the charge
transfer ability [6, 7]. Electrochemical impedance spectros-
copy described the small signal frequency behavior of the
electrodes, which might be important for electrical stimula-
tion [8] or for electrical recording [9].

Materials and methods

LCP electrodes

The selected LCP technology [10] consisted of three polymer layers,
each 25 µm thick. The outer layers served as base and top insulation,
which were connected with the inner adhesive layer. The electrical
structure was formed with two layers of gold. An inner gold layer
served as the interconnection plane and, the outer layer formed the
electrode sides and solder pads. Both gold layers were connected by
gold vias, which were produced by a galvanic process. Electrode
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arrays with round-shaped electrode sites with a diameter of 150 µm or
rectangular-shaped electrodes with a size of 400 µm × 200 µm were
designed (Figure 1A). To prepare the electroplating probes (Figure 1B),
individual small wires (108.301.12.36/PFA, Ø 0.0123 mm2, Rotronik-
Kabel) were soldered on the terminal pads with a low-temperature
solder paste (CR11, EDSYN GmbH Europe). The connections were
covered with epoxy resin (TC-EP05-24, TOOLCRAFT) for mechanical
fixation and electrical insulation.

Electroplating set-up

An electroplating system was built up including a LabView control
software, a digital-to-analog converter (NI USB-6003, National In-
struments) and a voltage-controlled stimulator (ISO-STIM01D, NPI
electronic GmbH). A largemesh electrode (platinized titanium, Jentner
Plating Technology GmbH) acted as a counter electrode. The electro-
plating solution was made of 5 g hexachloroplatinic acid (H2PtCl6,
Sigma–Aldrich Co. LLC) dissolved in 375 mL distilled water [11, 12].
Enabling ultrasound application during the electroplating process,
80 mL of the platinum solution within a beaker was placed in a basin
equipped with an ultrasound module (Emmi®-12HC, EMAG AG) and
filled with tap water.

Electroplating parameters

The round-shaped electrodes were treated with constant currents
(current densities: 0.1–0.4 kA/m2, step 0.1 kA/m2) and with pulsed
currents (current densities: 0.2 kA/m2, 0.3 kA/m2, 0.4 kA/m2) and
the rectangular electrodes with pulsed currents (current densities:
0.2 kA/m2, 0.3 kA/m2, 0.4 kA/m2). Pulse times of 1 s, 0.667 s, and 0.5 s
and a pause time of 1 s were selected to use the same amount of charge

transfer in each process and to achieve stationary electrode potentials
during current pulse application. In constant current application
plating times between 30 s and 90 s, in pulsed current application 60
pulses, 90 pulses, and 120 pulses were used. The impact of ultrasound
power (settings: 50%, 100%) was investigated by variation of the in-
tensity for electroplating with pulsed current of the round-shaped
electrodes. For the electroplating with constant current and for the
rectangular-shaped electrodes, the ultrasoundmodulewas set to 50%.

Electrochemical characterization

Electrochemical characterization was performed with a commercially
availablemeasuring system (Interface 1000, Gamry Instruments), 0.9%
saline solution, a large stainless steel counter electrode (220mm2), anda
silver/silver chloride reference electrode (RE-1B, ALS Co. Ltd.). A
sequence of cyclic voltammetry (voltage limits: from −0.5 V to +0.7 V
against reference electrodepotentials, scanspeed: 1V/s), observationof
the open circuit potential (OCP) (time: 300 s) and impedance spec-
troscopy (frequency range: from 1 Hz to 100 kHz; amplitude 50mV)was
used before and after electroplating. The voltage range of the CV was
chosen to stay safely within the water window of platinum in saline
(from −0.6 V to 0.8 V vs. Ag/AgCl [6]) and for reasons of laboratory
internal comparison. With the analysis software Gamry Echem Analyst
V6.20 (Gamry Instruments) the cathodic charge storage capacity (CSCC)
[6], the electrodemodel parameters, and themagnitude of the electrode
impedance at 10 Hz were determined. The value at 10 Hz was selected
due to the impedance characteristics of these LCP electrodes. Only the
solution resistances were visible at the often used frequency of 1 kHz
(Figure 2A). The common model for metal electrodes with a constant
phase element (CPE) parallel to a diffusion resistance (RF) and a solu-
tion resistance in series (RS) was selected [13].

Peel and pulse test

To test the stability of the platinum coatings produced with pulsed
currents (0.2 kA/m2 and 0.3 kA/m2; with and without ultrasound
application), a peel test [14, 15] was performed using the Scotch® 508
adhesive tape. The electrode sites and tapewere optical inspectedwith
a microscope camera (a2A1920-160ucPRO, Basler AG). In addition,
after estimation of the charge injection capacity (CIC) [16, 17] for
platinum coated electrodes (pulsed current, 0.3 kA/m2, 90 pulses,
ultrasound power 50%), a durability test with 300,000 biphasic
stimulation pulses was done. With respect to the estimated CIC, two
different current pulses with an amplitude of ±530 μA at a pulse
width of 200 µs and an amplitude of ±400 μA at a pulse width of
500 µs were applied with a single channel stimulator (ISO-STIM 01D;
NPI electronic). The electrode potential against a silver/silver chloride
reference electrode (RE-1B, ALS Co. Ltd.) was measured with a stan-
dard oscilloscope (Tektronix, MSO2024). Electrode impedances were
measured prior and after the pulse test. For the peel and the pulse test,
the electrode with the rectangular-shaped sites was chosen because it
was used for in vivo stimulation studies in mice [18].

Figure 1: Overview of the liquid crystal polymer (LCP) electrodes.
(A) Design of the surface electrode array consisting of the round-
shaped electrode head, the connector area and a small catwalk.
(1) Eight channel electrode with round-shaped electrode sites of
150 µm in diameter. (2) Eight channel electrode with rectangular-
shaped electrode sites of 400 µm × 200 µm. (B) Cross section of the
LCP technology and assembling of the electroplating probes.
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Figure 2: Examples of electroplating results.
(A) Magnitudes of impedance (|Z|) for round-shaped electrodes (left) and rectangular-shaped electrodes (right) prior and after electroplating
(left: constant current 0.2 kA/m2, 75 s; right: pulsed current, 0.3 kA/m2, 90 pulses). (B) Comparison of cyclic voltammograms of a non-coated
and coated rectangular-shaped electrode site (pulsed current, 0.3 kA/m2, 90 pulses; J, current density; V, electrode voltage). (C) Microscopic
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Results

Platinum electroplating improved
electrochemical characteristics and
application of ultrasound prevented coating
defects

The platinum coatings of the gold electrodes reduced the
electrode impedance and increased the CSCC in all galvanic
studies (examples in Figure 2A, B; see Supplementary Ma-
terial for all measurements). During the electroplating pro-
cesses with current densities above or equal to 0.3 kA/m2,
gas bubbles were clearly visible on the surface of the elec-
trode sites. The bubbles generated by water electrolysis
isolated the surface and incomplete and inhomogeneous
platinum coating appeared (Figure 2C; images taken with
microscopeM205 C (LeicaMicrosystems)). In addition to the
defects visible immediately after the electroplating process,
the size and number of the defects was increased after
applying the usually non-destructive electrochemical char-
acterization. With the use of ultrasound, the bubbles at the
electrode surface could be removed and the platinum elec-
troplating took place over the entire electrode surface. The
defects in the platinum coating could be also observed with
the surface measuring system Confovis TOOLinspect (Con-
fovis GmbH) in the absence of ultrasound (Figure 2D).
Moreover, the optical images revealed the base rough
structure of the gold electrode sites that altered with the
platinum coating. This could be confirmed with scanning
electron microscopy (SEM, XL30 ESEM FEG [FEI/Philips]).
The images displayed the rough surface from the gold
electrode and a ball like structure from the platinum coating
(Figure 2E).

Electroplating with constant current was
highly parameter-dependent and best at a
current density of 0.2 kA/m2

The impedance magnitude at a frequency of 10 Hz ranged
(over all values) from approximately 30 kΩ to 400 kΩ

(Figure 3A). The values showed a high dependency on the
electroplating parameters and were highest (mean values
around 300 kΩ) with a current density of 0.1 kA/m2. A half
of this electrode impedance could be achieved with
0.3 kA/m2 and 0.4 kA/m2 for the selected plating times.
In addition, the results for the two highest current den-
sities did not show a significant difference (mean values
between 130 kΩ and 180 kΩ). The lowest impedance with a
mean value of approximately 40 kΩ could be achievedwith
a current density of 0.2 kA/m2. The impedance magnitude
decreased gradually with increasing electroplating time
until a plating time of 75 s was reached. Thereafter, an
increase in the impedance magnitude was visible, indi-
cating that the highest surface roughness had already been
achieved. Compared to the gold electrodes (|
Z(f = 10 Hz)| = 3.3–7.2 MΩ), the impedance reduction was
always over 90%. In the best case, the impedances were
reduced to a value of about 1% from the original values.

With the electroplating processes, cathodic CSCCs in
the range of approx. 1,500 µC/cm2 to 10,000 μC/cm2 could
be achieved (Figure 3A). The trend of all values was in line
with the electrode impedancemagnitude, showing the best
result at a current density of 0.2 kA/m2 and an electro-
plating time of 75 s. The mean values of the OCP were
mostly in the range of 0.41–0.48 V with a variation of
approximately 50 mV within one electroplating condition.
Only the OCP values of the third process (0.2 kA/m2, 30 s)
were around 0.1 V. This large difference indicated incom-
plete platinum coatings.

Pulsed current electroplating were less
parameter-dependent as constant current
electroplating

Electroplating with pulsed currents was performed at three
different current densities (0.2 kA/m2, 0.3 kA/m2, 0.4 kA/m2)
and three different number of current pulses (60 pulses,
90 pulses, 120 pulses). In addition, the influence of the
settable ultrasound power of the basin (50% or 100%) were
tested with the round-shaped electrodes.

images (M205 C [Leica Microsystems]) of electrodes (scale bar: 40 µm) after electroplating (0.3 kA/m2) with (left) and without (right)
ultrasound. (D) Optical images (scale bar: 40 µm) takenwith a surfacemeasuring system TOOLinspect (Confovis GmbH). Upper row from left to
right: structures of (1) constant current electroplating 0.3 kA/m2; 60 s, no ultrasound; (2) constant current electroplating 0.2 kA/m2, 75 s,
ultrasound 50%; (3) constant current electroplating 0.3 kA/m2, 60 s, ultrasound 50%; lower row from left to right: structures of (1) gold
electrode; (2) pulsed current electroplating 0.2 kA/m2; 90 pulses, ultrasound 50%; (3) pulsed current electroplating 0.3 kA/m2; 90 pulses,
ultrasound 50%. (E) SEM images (XL 30 ESEM FEG; FEI/PHILIPS) showing the round-shaped electrode (scale bar: 25 µm) and surface structures
(scale bar: 2 µm) of the gold and platinum sites (all pictures from different electrode sites). Zoom-Views: Left: Au; Middle: Pt, constant current
electroplating 0.2 kA/m2, 75 s; ultrasound 50%. Right: Pt, pulsed current electroplating 0.3 kA/m2, 90 pulses, ultrasound 50%.
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Round-shaped electrodes

For the round-shaped electrodes, the magnitude of the
electrode impedance at the frequency of 10 Hz were
lower than 100 kΩ for all pulsed current electroplating
processes (Figure 3B). Compared to the impedance mag-
nitudes of the gold electrode, these values were in the

range of 1–4% from the original values. Across the different
electroplating current densities, the electroplating pro-
cesses with 0.2 kA/m2 resulted in the same impedance
range than the electroplating processes with 0.4 kA/m2.
The impedance magnitudes generated with a plating cur-
rent of 0.3 kA/m2 were approximately 20% lower than in
the other conditions. The number of applied pulses had

Figure 3: Electroplating results for platinized electrode sites.
Top row: magnitude of impedance at 10 Hz (|Z10|Pt). Bottom row: charge storage capacity (CSCC). (A) Round-shaped electrodes and constant
current (ICC). 1: 60 s, 2: 75 s, 3: 30 s, 4: 45 s, 5: 60 s, 6: 75 s, 7: 90 s, 8: 30 s, 9: 60 s, 10: 90 s, 11: 30 s, 12: 60 s. (B) Round-shaped electrodes and
pulsed current (IPC). 1: 60 pulses, 2: 90 pulses, 3: 60 pulses, 4: 90 pulses, 5: 120 pulses, 6: 60 pulses, 7: 90 pulses, 8: 120 pulses, 9: 60 pulses,
10: 90 pulses, 11: 60 pulses, 12: 90 pulses. (C) Rectangular-shaped electrodes and pulsed current. 1: 60 pulses, 2: 90 pulses, 3: 120 pulses,
4: 60 pulses, 5: 90 pulses, 6: 120 pulses, 7: 60 pulses, 8: 90 pulses, 9: 120 pulses. Y-axis of |Z10|Pt is in another scale as for the round-shaped
electrodes.
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only an effect on the electrodes’ impedance, when low
currents or small number of electroplating pulses were
used. No difference between 50% or 100% US power could
be clearly identified. Compared to the electroplating with
constant currents, the impedances after both electro-
plating methods were in the best cases close together. In
line with the results of the impedance magnitudes, the
achieved CSCC were best for the electroplating with a
current density of 0.3 kA/m2 ranging from 9,200 μC/cm2 to
12,700 μC/cm2. With that, the CSCC was also in the same
range as in the constant current electroplating and
there was no indication that the ultrasound power had an
impact on the result. The OCP mean values were within
0.42–0.49 V indicating complete platinum coatings.

Rectangular-shaped electrodes

The measured impedance magnitudes at 10 Hz of the
rectangular-shaped electrodes were in the range from 6 kΩ
to 28 kΩ (Figure 3C). The best results were achieved at
0.2 kA/m2 with 120 pulses and 0.3 kA/m2 with 90 pulses.
The electrode impedances were worst using current
densities of 0.4 kA/m2. The reduced impedances were
within 1–5% compared to the impedance of the gold sites
(|Z(f = 10 Hz)| = 0.5–1.1 MΩ). Taking the geometric surface
area into consideration, an ‘area impedance’ could be
calculated by impedance magnitude multiplied with geo-
metric surface area. Over all measures, for the rectangular
electrodes, values from 0.48 kΩmm2 (6 kΩ) to 2.24 kΩmm2

(20 kΩ), and for the round-shaped electrodes coated with
pulsed currents values from 0.54 kΩmm2 (30 kΩ) to 1.8
kΩmm2 (100 kΩ) were estimated. With a current density
of 0.3 kA/m2 and 90 current pulses the values were
0.54–0.9 kΩmm2 for the round-shaped electrodes and from
0.48 kΩmm2 to 0.68 kAmm2 for the rectangular-shaped
electrodes. This indicated that the electroplating process
produced comparably surface porosities for both types of
electrodes. The CSCC were highest for 0.3 kA/m2 and 60
pulses with values around 12.000 μC/mm2. Considering the
higher variation of the CSCC of the round-shaped elec-
trodes, the values of the rectangular-shaped electrodes
were also similar to the previous one. The mean OCP
ranged from 0.39 V to 0.49 V.

Electrode model parameters reflect the
increase in surface porosity

The extraction of the model parameters (CPE, RS, RF) was
done for all measurements of platinum electrodes. Owing
to the size of the electrode sites and the measurement

frequency range, RF could not be reliably determined
(values from 1 MΩ to 1 TΩ). For analyzation of the model
parameters, RS and the angle factor (α) of the CPE were
set in relation to the admittance value (Y0) of the CPE
(Figure 4).

RS for the round-shaped electrodes after both electro-
plating methods was in the range of 2 kΩ ± 300 Ω, indi-
cating some tolerances in the electroplating solution
(platinum ion concentration, solution temperature) and in
the measurements (variation in room temperature) as well
as manufacturing tolerances of the electrode sites
(Figure 4A, C). For the rectangular-shaped electrodes, RS

was within 0.95 kΩ ± 100 Ω (Figure 4E), which was
approximately the half of the round-shaped electrode
value due to the larger electrode sites. The impedance
variations from the previous chapters were also visible in
the value distribution of Y0. Over all measures, no relation
between RS and Y0 was visible indicating that the surface
porosities rather than the geometric areas were changed by
the electroplating process. The angle factor alpha ranged
from 0.85 to 0.94 over all electroplating processes and had
no dependency to Y0.

In the results of the pulsed current plating process,
some higher derivations were visible. For these points,
higher Y0 and lower RS values became visible indicating
larger geometric surfaces from the electrode production. Y0
of the rectangular electrodes was within 1.5 Ssα to 4 Ssα and
therewith four times higher than Y0 of the round-shaped
electrodes with the same electroplating process. This
matched the quotient of geometric surface areas and
demonstrated the reliability of the electroplating process.
Alpha was also in the same range as for the other plating
processes with the highest variation for the highest current
strength.

Platinum coatings show a good stability
when using ultrasound

Peel and stimulation durability test were performed with
the rectangular-shaped electrode sites (Figure 5). For the
peel test, the electrode sites were coated with pulsed
currents with amplitudes of 0.3 kA/m2 (90 pulses) and
0.2 kA/m2 (90 pulses). Prior the peel test, the electrode sites
plated with 0.3 kA/m2 displayed coating defects when
ultrasound was not applied (Figure 5A). The peel test
generated larger defects, and platinum particles were
clearly visible on the tape used. In contrast, no defectswere
detected on the electrode sites coated with a current
amplitude of 0.2 kA/m2 prior the peel test (Figure 5B).
However, the tapewas able to remove parts of the coatings.
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The electrode sites coated in the presence of ultrasound
showednodefects prior andafter thepeel test (Figure 5C,D).
Small changes in electrode placement and lighting
conditions may cause the color differences in the images,
which are visible at the electrode sites and at the base
material. In addition, no platinum particles were visible at
the tape.

The CIC was estimated for biphasic current pulses with
pulse widths from 100 µs to 5 ms (Figure 5C). For a pulse
width of 200 µs the values were 147–223 μC/cm2 and for a
pulse width of 500 µs 276–412 μC/cm2. Thus, the biphasic
stimulation currents for the durability test were defined to
approx. 90%of theminimumCIC currents at 530 µA (200 µs

pulse width) and 400 µA (500 µs pulse width). The results
showed that for both stimulation currents the measured
impedance magnitudes at 10 Hz prior and after the test
were close to each other (Figure 5D).

Discussion

In order to improve the electrochemical properties of the
LCP electrodes, an electroplating system for platinum elec-
troplating was built and various electroplating parameters
were tested. Owing to gas bubble formation, the use of
ultrasound was essential during the electroplating process

Figure 4: Electrode model parameters of the platinized electrodes.
(A, B) Solution resistor (RS) and angle factor (α) of constant phase element (CPE) over the admittance value (Y0) of the CPE for electroplating
with constant current of the round-shaped electrodes. 1: 60 s, 2: 75 s, 3: 30 s, 4: 45 s, 5: 60 s, 6: 75 s, 7: 90 s, 8: 30 s, 9: 60 s, 10: 90 s, 11: 30 s,
12: 60 s. (C, D) RS and α for electroplating with pulsed current of the round-shaped electrodes. 1: 60 pulses, 2: 90 pulses, 3: 60 pulses,
4: 90 pulses, 5: 120 pulses, 6: 60 pulses, 7: 90 pulses, 8: 120 pulses, 9: 60 pulses, 10: 90 pulses, 11: 60 pulses, 12: 90 pulses. (E, F) RS and α for
electroplating with pulsed current of the rectangular-shaped electrodes. 1: 60 pulses, 2: 90 pulses, 3: 120 pulses, 4: 60 pulses, 5: 90 pulses,
6: 120 pulses, 7: 60 pulses, 8: 90 pulses, 9: 120 pulses.
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to apply an intact platinum layer to the gold electrodes,
which could be proved with optical and SEM images. In
addition, a peel test showed the good adhesion of the plat-
inum coating to the gold electrode sites when ultrasound
was used. The impedance and CSCC values of the electrodes
depended on site size, the material and a combined surface
structure formed by a base roughness of the gold electrodes
further increased by the platinum electroplating. Variations
in the electroplating results per condition have most likely
two reasons. The impedance values of the gold electrode
sides had manufacturing tolerances and the temperature of
the plating solution changed over time due to the internal
ultrasonic module.

The surface structure of the platinum coatings depends
on several parameters, such as the electrode overpotential,
the plating current, the precursor concentration and
the temperature [3]. Thus, both voltage-controlled and
current-controlled electroplating processes are widely
used [3–5, 12, 19–22]. The higher the electrode over-
potential, the higher the deposition current and the
platinum deposits are more likely to form hemispherical or
unusual structures [20]. Small variations of the electrode
overpotentials near to the equilibrium potential already
lead to diverse crystal structures [19]. The platinum

surface can also be varied by additives in the precursor
solution [21, 22] or by nanoparticles [3].

In this study, the electrode overpotential was generated
by low-frequency pulsed current-controlled electroplating
to optimize CIC, CSC, and impedance of the electrodes.
Compared to the constant current electroplating, the low-
frequency pulsed current approach displayed advantages in
the impedance and the CSC of the LCP electrodes. Coatings
with pulsed current densities of 0.2 kA/m2 and 0.3 kA/m2

show similar and stable results. Thus, we assume similar
results with values between 0.2 kA/m2 and 0.3 kA/m2.
However, it remains unclear which impact a voltage-
controlled low-frequency electroplating process might
have to the electrode impedance, CSC and CIC.

The best result for constant current electroplating was
found at a current density of 0.2 kA/m2 and an electroplating
time of 75 s. At this time, the highest porosity for the elec-
trodes seemed to be found resulting in the lowest electrode
impedance and the highest CSCC. On the one hand, the time
factor was apparently decisive forwhether the electrodewas
completely coated, which was not necessarily the case with
very short times. On the other hand, the rough structures of
the gold electrodes were probably smoothed by the plat-
inum layer if the plating times were too long.

Figure 5: Electroplating stability.
(A–D) Electrode sites prior (left picture) and after (middle picture) the peel test. Right picture: Tape from the corresponding peel test. Thewhite
rectangles indicate the positions of the electrode sites during the peel test. (A) Electrode sites electroplated with 0.3 kA/m2, 90 pulses,
no ultrasound. (B) Electrode sites electroplated with 0.2 kA/m2, 90 pulses, no ultrasound. (C) Electrode sites electroplated with 0.3 kA/m2,
90 pulses, ultrasound 50%. (D) Electrode sites electroplated with 0.2 kA/m2, 90 pulses, ultrasound 50%. (E) Estimation of charge injection
capacity for different pulse widths. (F) Comparison of impedance magnitudes at 10 Hz prior and after a pulse test with 300.000 biphasic
current pulses with amplitudes of 530 µA (pulse width: 200 µs) and 400 µA (pulse width: 500 µs).
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For pulse electroplating the optimizationwas best for a
current density of 0.3 kA/m2 and the values were similar to
those of constant current electroplating (round-shaped
electrode sites: |Z[f = 10 Hz]| = 32–52 kΩ as best for constant
current; |Z[f = 10Hz]|= 29–50 kΩ as best for pulsed current).
For the tested parameters, however, no time dependence
and a lower dependence on the current density were
recognizable. This could be due to the fact that pulse
electroplating produces different nucleation and plating
rates within one pulse and thus inhomogeneous surfaces.
The electroplating parameter with pulsed current could
generated similar results for the round-shaped electrode
sites to the rectangular-shaped sites (magnitude of
impedance multiplied with site area for current density of
0.3 kA/m2 and 90 current pulses: 0.54–0.9 kΩmm2 for the
round-shaped electrode sites and from 0.48 kΩmm2 to 0.68
kAmm2 for the rectangular-shaped electrode sites). Thus,
the method showed a good robustness for the different
electrode site sizes.

These LCP multichannel electrodes will be used in the
murine CNS to explore the interaction of neurons and glial
cells [18]. The array with round-shaped electrodes enables
a higher spatial resolution in bioelectrical recording and
stimulation. In contrast, the array with rectangular-shaped
electrodes allows the use of higher stimulation currents
and the activation of larger brain and spine regions.
Therefore, this electrode was selected for the pulse test.
With 300,000 pulses a total stimulation time of approx.
16.7 h at a stimulation frequency of 50 Hz is simulated.
Therewith, the limited usage time in our in vivo animal
studies [18] is covered. The results of the impedance mea-
surements prior and after the stimulation test indicate a
stable surface. However, it could not be shown whether,
despite ultrasound, micro gas bubbles during electro-
plating may cause damage to the platinum coating and
reduce binding to the gold layer. A prolonged electrical
pulse test, could be performed to demonstrate the long-
term stimulation stability.

Electrodes CIC depends on the material, surface
porosity, electrode size, geometry, length of stimulation
pulse and pulse polarity [6, 16, 17, 23–25]. Using electric
current pulses with a length of 200 µs, CIC values for
platinum disk electrodes of 50–100 μC/cm2 for anodic first
biphasic pulses and 100–150 μC/m2 for cathodic first
biphasic pulses were found [23]. Characterization of the
Utah electrode arraywith platinum coating displayed a CIC
value of 300 μC/cm2 [24]. The CIC estimation of planar
smooth platinum electrodes raised values of approx.
35 μC/cm2 [17] and from 10 μC/cm2 to 80 μC/cm2 [16]. For
microporous platinum CIC measures from 120 μC/cm2 to
295 μC/cm2 using a pulse length of 200 µs [16] could be

estimated. In this study, a CIC value of approx. 220 μC/cm2

is reached. Due to the impact of the electrode geometry, a
direct comparison of different plating methods must be
performed at the same structure.

However, the CIC varies in vivo [17] and may change
over application time, which may be additionally consid-
ered in a long-term evaluation. Nevertheless, the signifi-
cant reduction in electrode impedance may support
bioelectrical recordings with lower noise and electrical
stimulation with a lower voltage across the electrode
interface to drive a stimulation current. In addition, the
impedance variations within an array may have less
impact in multichannel recordings [9]. The CSCC is a mea-
sure of how much charge can be transferred to the elec-
trode. An increase in CSCC for electrodes realized with the
same technology also increase the stimulation current
transfer capability of the electrode [16]. Although the
electrode characteristics in vivo will be different to those
determined in saline [17], the platinum coating of the
electrode improves the stimulation capability of the LCP
electrodes.

Conclusions

The platinum electroplating greatly improved the electrode
impedance and CSCC of the gold LCP electrodes in each
electroplating condition. In best cases the electroplating
results are at the same level when using constant current or
pulse current. However, the results of the platinum elec-
troplating with pulsed current indicate that this method is
more robust to small changes in temperature or platinum
ion concentration of the electroplating solution. In addi-
tion, differences in the electroplating current (that could
occur e.g., when the process is used with electrodes con-
nected in parallel) should result in smaller variations in the
electrochemical characteristics. Thus, in contrast to the
constant current electroplating, the presented pulsed
current electroplating had someadvantages to coat the LCP
electrodes.
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