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Ultrasmall microelectrode arrays have the potential to improve the spatial resolution of
microstimulation. Carbon fiber (CF) microelectrodes with cross-sections of less than 8 μm
have been demonstrated to penetrate cortical tissue and evoke minimal scarring in chronic
implant tests. In this study, we investigate the stability and performance of neural
stimulation electrodes comprised of electrodeposited platinum-iridium (PtIr) on carbon
fibers. We conducted pulse testing and characterized charge injection in vitro and
recorded voltage transients in vitro and in vivo. Standard electrochemical
measurements (impedance spectroscopy and cyclic voltammetry) and visual inspection
(scanning electron microscopy) were used to assess changes due to pulsing. Similar to
other studies, the application of pulses caused a decrease in impedance and a reduction in
voltage transients, but analysis of the impedance data suggests that these changes are
due to surface modification and not permanent changes to the electrode. Comparison of
scanning electron microscope images before and after pulse testing confirmed electrode
stability.

Keywords: carbon fiber microelectrode (CFME), PtIr coating, microstimulation, in vivo stimulation, in vitro
stimulation

1 INTRODUCTION

Ultramicroelectrodes are a class of neural interfaces distinguished by cross-sectional dimensions of
less than 15 microns. Ultramicroelectrodes include carbon fiber arrays (Patel et al., 2015; Welle et al.,
2020), the Neurolace and NET probes (Xie et al., 2015), silicon carbide microelectrodes (SiC) (Deku
et al., 2018), high density microwires (Kollo et al., 2020), and 3D printed arrays (Ali et al., 2021).
These devices drastically reduce the foreign body reaction compared to penetrating arrays with larger
features (Polikov et al., 2005). The small size of ultramicroelectrodes makes them challenging to
utilize since they either lack the stiffness to penetrate the brain (and require a temporary stiffener) or
are brittle and thus difficult to handle. Polyimide is an example of an electrode substrate that requires
a stiffener while silicon is an example of an electrode that is stiff but brittle at dimensions below 15
microns. Carbon fiber (CF) ultramicroelectrodes have proven to be strong enough to penetrate the
cortex (Patel et al., 2015; Patel et al., 2016; Massey et al., 2019) and peripheral nerve (Gillis et al., 2018;
Dehdashtian et al., 2020) yet small enough to evoke minimal foreign body reaction (Deku et al., 2018;
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Kozai et al., 2012; Patel et al., 2016; Welle et al., 2020, 2021). Since
carbon is also conductive, it can serve as both a mechanical
substrate and electrical conductor for an ultramicroelectrode
(Kozai et al., 2012; Patel et al., 2016; Jiman et al., 2020).
However, carbon is not efficient for neural stimulation. This
limitation, along with the small dimensions of
ultramicroelectrodes, requires enhancement of carbon by
coating with an additional material suitable for neural
stimulation.

Platinum and platinum-iridium are widely used for neural
stimulation (Cogan, 2008). Due to their proven efficiency and
stability, these materials are used in clinical devices such as deep
brain stimulators, which use macroelectrodes (millimeter
dimensions), and therefore can stay within charge density
limits (30 μC/cm2 (Cogan et al., 2016)), and still provide
therapeutic levels of stimulation. However, the smaller
electrodes site sizes used by ultramicroelectrodes may require
a charge density above this limit to evoke responses from cortical
cells. Motivated by this need, several alternative materials with
improved charge injection capability have been developed.
Porous titanium nitride (TiN) has shown biocompatibility
and stability along with large charge-injection capacities due
to surface roughness. However, accessing the full charge storage
capacity under the high current density of neural stimulation is
limited by the pore resistance (Posey and Morozumi, 1966;
Goldberg et al., 1972; Norlin et al., 2004). The porous
platinum known as “Pt gray” can inject a charge density of
1.4 mC/cm2 (Zhou, 2005; Zhou, 2011; Fan et al., 2020) without
causing material damage or irreversible reactions.
Nanostructered platinum (nanoPt) has been recently
investigated (Boehler et al., 2020; Wang et al., 2021) through
in vitro and in vivo testing as a potential electrochemical coating
both for neural recording and stimulation. Reproducibility of the
coating process and stimulation performance for small
microelectrodes (cross-section < 100 μm) has not been
evaluated yet. Hydrated Ir oxide films as activated or
sputtered iridium oxide (AIROF or SIROF respectively) have
reported high charge injection capabilities (Beebe and Rose,
1988; Klein et al., 1989) in the range of 1–5 mC/cm2. Further,
poly (3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT—PSS) has shown a charge injection capacity three
times higher than AIROF or SIROF (Cogan et al., 2007)
although PEDOT stability and robustness remain
questionable (Dupont et al., 2014; Welle et al., 2020).
Electrodeposited platinum iridium (PtIr) has demonstrated
reduced impedance (Cassar et al., 2019; Welle et al., 2020;
Della Valle et al., 2021) and lower voltage transients during
pulsed current stimulation (Lee et al., 2018), compared to
uncoated control electrodes. A recent study (Dalrymple et al.,
2019) made a direct comparison between electrodeposited PtIr,
reduced graphene oxide, and conducting hydrogel electrodes,
finding that PtIr retained low impedance after pulse testing,
while graphene failed and conducting hydrogel impedance
trended higher. In our previous work (Della Valle et al.,
2021) we analyzed the coating morphology of PtIr coated CFs
and demonstrated a good coating adhesion during accelerated
soak testing.

Here we evaluate CF microelectrode arrays coated with
electrodeposited PtIr (PtIr-CF) under conditions of in vitro
pulse testing at rates of 300 Hz (Chen et al., 2020) and 10 kHz
(Kapural et al., 2015), which are of interest in neural engineering,
specifically for visual cortex stimulation and high frequency
spinal cord stimulation respectively. We characterized PtIr-CF
electrodes with electrochemical impedance spectroscopy (EIS),
cyclic voltammetry (CV), voltage transients (VT), and scanning
electron microscopy (SEM) before and after the coating as well as
before and after in vitro pulsing tests. Voltage transients were
stable during the pulsing process and no delamination was
apparent in pulsed electrodes. We also report data from two
pilot studies: in vitro pulse testing of cellular scale PtIr-CF
electrode and in vivo pulsing conducted in the visual cortex of
a single animal.

2 MATERIALS AND METHODS

2.1 Carbon Fibers Microelectrode Arrays
Fabrication
The carbon fiber electrode arrays (CFEA) consist of eight
sharpened CFs coated with a Parylene C insulation layer
(800 nm) and are attached to a small printed circuit board
[ZIF Probe, ZIF, (Patel et al., 2016)]. Insulation is removed at
the tip using a blowtorching process (Welle et al., 2021) to expose
100–150 μm of carbon with sharpened tips. The final tip diameter
tapers from 8.4 to ∼2 μm diameter at the tip.

One ZIF with 8 CFs with a small tip exposure was used for the
pilot study of in vitro pulsing tests of cellular scale PtIr-CF. For
the tip preparation of these CFs, instead of the blowtorching
method, a scissor was used to expose the CF at the tip. Once cut,
the CFs were coated with PtIr (area of ∼108 μm2, see inset of
Figure 7A).

For in vivo pulsing tests, one high density carbon fiber (HDCF)
array was used. The HDCF fabrication is described elsewhere
(Huan et al., 2021). Briefly, the array consisted of 16 silicon
shanks of 6 mm length with approximately 250 μm of CF
protruding from the end of each shank. Parylene-C was used
as an insulation layer and the CF tips were blowtorched to expose
and sharpen the CF tips, exposing ∼100–150 μm.

2.2 Electrochemical Impedance
Spectroscopy and Cyclic Voltammetry
EIS was collected by applying a 10 mV (peak) sine wave in a
frequency range of 1 MHz–10 Hz. All EIS and CV measurements
were performed in 1x PBS (0.01 M phosphate buffered saline)
solution in a three electrode configuration at open circuit
potential using a PtIr wire electrode (∼70 μm) as counter and
an Ag/AgCl as reference electrode (3M NaCl, BASi, West
Lafayette, IN, United States). A Gamry 600+ potentiostat
(Gamry Inc., Warminster, PA, United States) was used for
measurement collection.

Cyclic voltammetry (CV) measurements were obtained by
sweeping three times between −0.6 and 0.8 V versus Ag/AgCl at a
scan rate of 500 mV/s. CVs were measured to establish the
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cathodal charge storage capacity (CSCC) (Cogan, 2008). We
calculated CSCC from the time integral of the cathodic current.

2.3 Pt–Ir Electrochemical Deposition
PtIr coatings were electrodeposited using a potential cycling
technique in a solution of 0.2 g/L of Na3IrCl6H2O and 0.186 g/
L of Na2PtCl6H2O in 0.1 M of nitric acid (HNO3) (Della Valle
et al., 2021). A constant temperature of 56°C and a pulsed
sonication at a power of 2 W (TON � 1 min and TOFF �
30 sec.) were used. A 70 μm PtIr wire (A-M System, Sequim,
WA, United States) electrode and an Ag/AgCl (3M NaCl, BASi,
West Lafayette, IN, United States) were used as counter and
reference electrode respectively. The potential range for the
electrodeposition process was −0.1 to 0.1 V with 200 mV/s of
scan rate for 1,200 cycles, which corresponds to a coating process
time of 45 min. A Gamry 600+ potentiostat (Gamry Instruments,
Warminster, PA, United States) was used to apply potential cycles
and an A700 Qsonica (Qsonica L.L.C. Newtown, CT,
United States) was used for sonication.

2.4 SEM Images Acquisition
Images of CFs were acquired with scanning electron microscopy
(SEM) before coating, after coating, and after pulse testing, using

a Tescan Rise SEM (Tescan Orsay Holding, Brno—Kohoutovice,
Czech Republic) in low vacuum mode (LVSTD, low vacuum
secondary electron Tescan detector). Low vacuum mode allows
imaging without deposition of a conductive film (i.e., gold).
Samples were mounted on SEM stubs with the conductive
carbon tape without the CF touching the tape. An excitation
voltage between 5 and 20 kV was used.

2.5 In-vitro Pulse Testing
2.5.1 300 Hz and 10 kHz in Vitro Pulsing Test
A PlexStim Electrical Stimulator System (Plexon, Dallas, TX,
United States, software version 2.3) was used to deliver
cathodic first biphasic electric pulses with a charge density
of 1 mC/cm2. A bipolar stimulation was done choosing as
ground one PtIr-CF on the pulsed CFEA. Two different
current amplitude and pulse duration were applied on the
sharp carbon fibers:

1) Electric pulses with a duration of 170 μs, interphase of 60 μs at
a frequency of 300 Hz. Pulsing tests were conducted for 12 h
(∼13 million pulses);

2) Electric pulses with 30 μs of duration at a frequency of 10 kHz
for 3 h (∼108 million pulses).

FIGURE 1 | In vivo stimulation setup. (A) Explaining the in vivo setup with the HDCF array penetrating the visual cortex and the stainless steel wire as ground, both
connected to the Plexim stimulator. (B) Image of the HDCF array penetrating the visual cortex.
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EIS measurements were taken before and after electric
pulsing tests. All the experiments were conducted at room
temperature. SEM images were collected before and at the end
of pulsing tests to determine surface modifications due to the
electric stimulation. The PlexStim provides single ended
outputs of the current waveform (presented as a voltage
across a resistor) and the VT across the test and counter
electrodes. The current and the VT were monitored both
for in vitro and in vivo pulsing tests, using a digital
oscilloscope (Tektronix TBS 1032B, Beaverton, OR,
United States). The electrochemical cell used consisted of a
petri dish (Millipore Sigma, diameter of 80 mm and a volume
of ∼75 ml) containing 1x of a PBS solution; the leads of the
stimulator were connected to the pulsed carbon fiber, and the
ground connected to one of the CFs of the pulsed ZIF board.

2.5.2 Electrode Polarization
A three electrode configuration method was used to measure the
maximum cathodic polarization, Emc of PtIr-CF electrode
(Cogan, 2008). For that purpose, we used the
chronoamperometry experiment of the Gamry potentiostat.
An Ag/AgCl and a large Pt foil (5 × 9 mm2) were used as
reference and counter electrodes respectively. Biphasic
cathodic first current pulses of duration of 500 μs and charge
intensity from 0.1 to 1.25 mC/cm2 were applied.

2.5.3 In vitro Cellular Scale PtIr-CF Pulsing Test
One ZIF board with eight small PtIr-CFs (section 2.1 for
fabrication details) was characterized by means of pulsing
tests. A PlexStim Electrical Stimulator System (Plexon, Dallas,
TX, United States, software version 2.3) was used to deliver

FIGURE 2 | PtIr coated carbon fiber. (A) Electrochemical impedance spectroscopy (EIS) measurement of one sharpened carbon fiber before and after the plating
process; as inset the mean and standard deviation of the normalized impedance is reported before (red) and after (blue) the coating, *** indicate a p-value � 1.02 × 10−18.
(B) Cyclic voltammetry (CV) of a sharpened carbon fiber before (red) and after (blue) the PtIr plating process, the cathodic charge storage capacity of the electrode
increases to 11 mC/cm2 after the coating (0.2 mC/cm2 before the coating).

FIGURE 3 | Emc Characterization. Voltage transients of one PtIr-CF vs the Ag/AgCl reference electrode for charge density from 0.1 to 1.25 mC/cm2. The Emc

ranges from −0.45 to 0.24 V in the range of the water electrolysis window for PtIr coatings (−0.6 to 0.8 V) (Rose and Robblee, 1990).
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cathodic first biphasic electric pulses with a duration and
interphase gap of 100 μs at 100 Hz. Current amplitudes ranged
from 5 to 20 μA. The pulse was applied for the duration of 1 min
per CF. A 70 μm PtIr wire was used as the counter electrode.

2.6 In vivo Pulsing Tests
2.6.1 High Density Carbon Fiber Array Fabrication
One HDCF (section 2.1 for details) array was used for in vivo
visual cortex stimulation. The HDCF used for this experiment
consisted of four CF electrodes, one coated CF for pulse testing
and three for stab controls, with the remaining 12 fibers removed
for easier insertion.

2.6.2 Rat Surgery
The surgical procedure used was approved by the Michigan State
University Animal Care and Use Committee. One Sprague-
Dawley rat was anesthetized with 3% isoflurane and
maintained at 1–3%. Once hind-limb pinch response was
muted, the rat’s head was shaven and placed on a stereotaxic

with an anesthesia nosecone, and the head was fixed with ear bars.
A longitudinal incision was made at the dorsal surface of the
animal’s head, the fascia was removed, and the exposed skull was
cleaned and dried. Excessive bleeding of the skull or surrounding
skin was stopped with either absorbent spear or cauterization. A
3 × 3 mm craniotomy at the primary visual cortex (V1) was made
using this coordinate: (Anterior-Posterior, Medial-Lateral) (−6.5,
−3.5) mm from Bregma.

2.6.3 In vivo Stimulation Protocol
For in vivo stimulation, the dura was removed and the PtIr-
HDCF was driven into the cortex until a depth of 300 μm was
reached. An 8 cm stainless steel wire (A-M Systems) was used as a
stimulation return electrode. One minute after insertion, the PtIr-
HDCF was connected to the Plexon PlexStim system, and the
stimulation return electrode was sutured under the loose skin at
the incision site using vicryl sutures. Cathodic-first, symmetric-
biphasic pulses with 200 μs duration per phase, 100 μs interphase
gap, and 50 Hz pulse frequency were used with four amplitudes:

FIGURE 4 | SEM of PtIr-CF. SEM of a carbon fiber with an exposed surface of 109 μm before (A) and after the PtIr coating (B); (C) SEM images of three different
PtIr-CF.

TABLE 1 |Mean and standard deviation of the normalized impedance at 1 kHz, list of all components extracted from the equivalent circuit model (see inset of Figure 5A),
VTpeak for Day 1 and Day 2 before and after pulsing. The p-value from the paired t-test are reported with a significance difference for the constant phase element
components as well as for normalized impedance at 1 kHz and the VTpeak before and after pulsing on Day 1 and Day 2.

Z1kHz Ωxcm2) Ru (Ω) Y0 (S*sα) α C (F) VTpeak

BPDay1 0.69 ± 0.1 6.8 ± 2.1 × 103 2.13 ± 0.86 × 10−7 0.58 ± 0.05 5.01 ± 0.94 × 10−11 1.19 ± 0.08
APDay1 0.27 ± 0.02 6.2 ± 0.74 × 103 2.9 ± 1.1 × 10−7 0.7 ± 0.05 5.48 ± 0.68 × 10−11 0.94 ± 0.1
p-valueDay1 7.45 × 10−5 0.33 0.003 1.29 × 10−5 0.25 9 × 10−7

BPDay2 0.6 ± 0.13 6.7 ± 1.5 × 103 2.7 ± 0.8 × 10−7 0.49 ± 0.05 5.45 ± 1 × 10−11 1.1 ± 0.11
APDay2 0.25 ± 0.04 6 ± 1.1 × 103 3.63 ± 1.2 × 10−7 0.7 ± 0.05 5.4 ± 1.7 × 10−11 0.93 ± 0.1
p-valueDay2 6.41 × 10−6 0.07 0.0026 2.15 × 10−5 0.97 0.0014
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10, 15, 20, 25 μA (from 0.1 to 0.3 mC/cm2). 6,000 pulses were
applied for each current amplitude. After collection of VT, the
electrode was driven further into the tissue until 600 μm, and the
tissue was stimulated for a total of 1 h (∼180k pulses) at 25 μA
(0.3 mC/cm2) and 5 μs interphase gap. VTs were collected every
10 minutes.

The summary image shown in Figure 1A explains the in vivo
setup, with the HDCF array penetrating the visual cortex and the
stainless steel wire as the counter electrode.

2.7 Statistical Analysis and Electric Circuit
Model
A paired t-test was used to compare impedance data for CF and
PtIr-CF as well as to compare CSCC prior to and after the coating.
A paired t-test was also applied to impedance data before and
after pulsing both at 300 and 10 kHz. One paired t-test was done
for comparing the VTpeak of the VT at the beginning and at the
end of each pulse test.

Impedance before and after pulsing at both 300 Hz and 10 kHz
were fitted to a circuit model (see inset of Figure 5A). The circuit
model consisted of a reference electrode (r.e.), the electrolyte
resistance (Ru), the admittance (Y0), and the exponent (α) of the
constant phase element (CPE), the parasitic capacitance (C), and
the working electrode (w.e.). The extracted parameters were

statistically analyzed using a paired t-test. For all the statistical
tests, Matlab R2021a was used.

3 RESULTS

3.1 PtIr Coating Protocol Assessment
A total of 39 blowtorched CFs (distributed across five ZIF
Boards) were coated with PtIr. The surface area was estimated
by SEM inspection and ranged from 1900 to 3,600 μm2. The
impedance data were normalized by the electrode area (Ω ×
cm2). An average 1 kHz normalized impedance and standard
deviation of 1.74 ± 0.98 Ω × cm2 was measured for PtIr-CF.
Figure 2A shows a representative impedance spectrum from
before and after PtIr coating and average data at 1 kHz,
normalized to surface area. A significant decrease (p-value
of 1.02 × 10−18) in 1 kHz impedance is noted, while impedance
above 100 kHz state is unchanged, indicating no change in
geometric surface area.

In Figure 2B, the cyclic voltammetry (CV) is reported for one
CF prior (red) and after the PtIr coating. From the CV, the CSCC

(Cogan, 2008) can be quantified. In the example reported in
Figure 2B the PtIr enhanced the CSCC from 0.2 to 11 mC/cm2.
CV was done for 21 CFs and the mean and standard deviation of
the CSCC was of 0.25 ± 0.13 mC/cm2 and 13.1 ± 8.74 mC/cm2 for

FIGURE 5 | 300 Hz Electric pulse test. (A) EIS of one PtIr-CF before (red solid line) and after (blue solid line) pulsing on Day1; as inset the circuit model used for fitting
impedance data is shown. (B) Voltage transient for one PtIr-CF in the beginning (red) and at the end of pulsing test (blue); a biphasic pulse of 170 μs duration and
amplitude of 105 μA (1 mC/cm2) was applied. (C–E) SEM of three PtIr-CF before as inset and after 12 h of pulsing test.
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the CF and PtIr-CF respectively. A paired t-test revealed a
statistically significant difference with a p-value of 1.62 × 10−6.

To determine the Emc (Cogan, 2008), PtIr-CF were
characterized as described in section 2.5.2. In Figure 3 the
VT are reported with a Eipp (bias level (Cogan, 2008)) of
0.3 V and an Emc ranging from −0.45 to 0.24 V in the range of
the water electrolysis window for PtIr electrodes of −0.6 to 0.8 V
(Rose and Robblee, 1990).

SEM images were collected before and after the coating
process. One example of a CF and a PtIr-CF is reported in
Figures 4A,B respectively. The PtIr-CF surface appears
homogeneously coated. Detailed SEM of three PtIr-CFs are
shown in Figure 4C highlighting a rough, continuous coating.
Some surface irregularities are also noted (see yellow arrow of
Figure 4C). Adjacent CFs can become temporarily in contact

during the plating process, which results in a ridge of PtIr along
one side.

EDS was done to evaluate the Pt and Ir percentage of the PtIr-
CF surface. A percentage of 66% for Pt and 34% was measured on
one PtIr-CF, consistent with results obtained in a previous set of
coated electrodes (Della Valle et al., 2021).

3.2 Electric Pulsing Tests
3.2.1 300 Hz Electric Pulsing Tests
PtIr-CFs (N � 10, area ranging from 1900 to 2,100 μm2) were
tested by applying biphasic cathodic first electric pulses of 170 μs
duration at a frequency of 300 Hz (Chen et al., 2020) with a
charge density of 1 mC/cm2 for 12 h on two consecutive days (6 h
each day). In Figure 5A the impedance for one PtIr-CF is
reported before (red solid line) and after (blue solid line)

FIGURE 6 | 10 kHz Electric pulse test. (A) EIS of one PtIr-CF before (red solid line) and after (blue solid line) the pulsing test. (B) Voltage transient for one PtIr-CF at
the beginning (red) and at the end (blue) of pulsing test; a biphasic pulse of 30 μs duration and amplitude of 710 μA (1 mC/cm2) was applied. (C–E) SEM of three PtIr-CFs
before (as inset) and after 3 h of electric pulsing, in (D) one EDS is reported as inset with highlighted (yellow box) on the tip the presence of Na (red) and Cl (yellow)
molecules, in blue and cyan the Ir and Pt molecules are shown as well.

TABLE 2 | Mean and standard deviation of the normalized impedance at 1 kHz, list of all components extracted from the equivalent circuit model reported as inset in
Figure 5A, VTpeak before and after pulsing. The p-values from the paired t-test are reported with a significance difference for the α value of the CPE and for both
normalized impedance and VTpeak.

Z1kHz Ωxcm2) Ru (Ω) Y0 (S*sα) α C (F) VTpeak

BP 0.58 ± 0.21 6.1 ± 1.9 × 103 3.4 ± 1.77 × 10−7 0.58 ± 0.07 5.01 ± 0.94 × 10−11 2.99 ± 0.37
AP 0.21 ± 0.05 5.9 ± 0.6 × 103 4.3 ± 1.9 × 10−7 0.73 ± 0.09 5.48 ± 1.4 × 10−11 2.74 ± 0.33
p-value 0.00017 0.77 0.14 7 × 10−4 0.24 0.002

Frontiers in Nanotechnology | www.frontiersin.org December 2021 | Volume 3 | Article 7828837

della Valle et al. Microstimulation Enabled by Electrodeposited PtIr-CF

https://www.frontiersin.org/journals/nanotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/nanotechnology#articles


pulsing test on Day 1. An impedance decrease after the pulsing
test was obtained for all pulsed PtIr-CFs on both days. Similar
decreases in impedance after pulsing have been attributed to the
modification of the electrode surface (Fomani and Mansour,
2011; Vomero et al., 2017). In Table 1 the mean, the standard
deviation, and the p-value of the normalized impedance at 1 kHz
is reported before and after pulsing on both days. The 1 kHz
impedance variation before and after pulsing was statistically
significant on both Day 1 and Day 2. To further analyze the
impedance variation before and after pulsing, a circuit model (see
inset in Figure 5A) was fitted and a paired t-test was applied to
the extracted parameters. In Table 1 the mean and standard
deviation for the extracted parameters is reported with the
associated p-value both for Day 1 and Day 2 of pulsing tests.
The CPE components values changed, but Ru was not
significantly different before and after pulsing. This further
supports the finding that pulsing modified the surface of the
electrode (Y0 changed), but did not change the geometric shape
(Ru unchanged). No geometric modification was further
confirmed by the SEM images shown in Figures 5C–E. NaCl
aggregation was noticed (Figure 5D) on the coated surface and
confirmed by EDS (data not shown).

VT were monitored during the pulsing test. One example is
shown in Figure 5B, in red and blue are reported VT for Day 1 at
the beginning and end of the pulsing tests (6 h) respectively. In
Table 1 the mean and standard deviation of the VTpeak are
reported for Day 1 and Day 2 of pulsing tests. The p-values
from the paired t-test were statistically significant for both days
(Table 1).

3.2.2 10 kHz Electric Pulse Tests
PtIr-CFs (N � 10, area ranging from 1,700 to 2,100 μm2) were
tested at a frequency of 10 kHz (Kapural et al., 2015) by applying
biphasic cathodic first electric pulses of 30 μs duration and a
charge density of 1 mC/cm2 for 3 h.

In Figure 6A the EIS of one PtIr-CF before (red solid line) and
after (blue solid line) pulsing is reported. As in the 300 Hz pulsing
test, a significant reduction of the 1 kHz impedance was found

after pulsing (see Table 2). A circuit model (see inset of
Figure 5A) was fitted to the impedance data prior to and after
pulsing tests. In Table 2 the mean and the standard deviation of
the extracted parameters are reported, with a statistically
significant difference for the α component of the CPE, which
suggests increased capacitive behavior for the electrode surface.
The increase in Y0 was not statistically significant.

VT were monitored for the whole pulsing test and the mean
of the VTpeak at the beginning and end of pulsing is reported in
Table 2. The VTpeak variation before and after the pulsing test
was statistically significant. SEM inspection showed no surface
modifications (Figures 6C–E), an accumulation of salt was
detected on the tip of one fiber, as shown in the yellow box in
Figure 6D with the corresponding EDS, showing Na and Cl
molecules in red and yellow as well as in blue and cyan Ir and
Pt molecules.

3.2.3 In vitro Cellular Scale PtIr-CF Pulsing Test
In vitro pulsing characterization was done using one ZIF with
eight small PtIr-CFs (section 2.5.3) to show how electric pulses
can be applied using a cellular scale electrode size (less than 15 μm
diameter, electrode area of ∼108 μm2). In Figure 7A the
impedance before and after pulsing is shown. In Figure 7B
the voltage transients are reported for each current amplitude
applied with a max of 784 mV applied across the electrode
surface. No structure modifications occurred as confirmed by
the SEM (see inset of Figure 7A).

3.3 In vivo Electric Pulsing Test
One HDCF board with one coated CF (PtIr-HDCF,
area–2000 μm2) was used to perform pilot tests of in vivo
electric pulsing test in rat visual cortex. As explained in the
method section 2.6.3, VT were first collected at 300 μm depth at
four different current amplitudes as shown in Figure 8A.

Then the PtIr-HDCF was driven at 600 μm of depth into the
visual cortex. The tissue was stimulated for a total of 1 h at 25 μA
(0.3 mC/cm2) and 5 μs interphase gap. VTs were collected each
10 min as shown in Figure 8B. The mean of the VTpeak was of

FIGURE 7 | Pulsing test of cellular scale PtIr-CF. (A) Impedance before (red solid line) and after (blue solid line) pulsing for one PtIr-CF; as inset SEM image of the CF
before and after pulsing test. (B) Voltage transients when applying a cathodic first biphasic pulse of 100 μs duration and gap interphase, with current amplitudes from 5
to 20 μA.
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2.19 ± 0.3 V and a lower VT was recorded at the end of the
pulsing test.

In Figure 8C the PtIr-HDCF impedance before (red solid line)
and after (blue solid line) the in vivo pulsing test are reported.
After the in vivo pulsing test, the impedance magnitude of the Pt-
IrHDCF was slightly increased possibly due to biological tissue
adhering on the electrode surface.

SEM were acquired after the in vivo pulsing test. In Figure 8D,
left panel the SEM at 10 kV is reported showing in black, low
conductive material adhering on the surface (e.g., biological
material). On the right panel of Figure 8D the SEM at 20 kV
is reported and the PtIr is visible with a crack in the PtIr film near
the tip. No SEM was acquired prior to stimulation, so it is unclear
when the crack formed. Since the VTs during the in vivo
experiments were stable, it is more likely that the crack was
due to a defect during PtIr deposition or as a result of handling
during insertion or SEM preparation.

4 DISCUSSION

The development of small microelectrodes for localized neural
stimulation is the key challenge facing neural interfaces. CFEA
have proven to effectively provide neural recording from the

motor cortex (Patel et al., 2015, 2016; Massey et al., 2019) as
well as from the peripheral nerve (Gillis et al., 2018;
Dehdashtian et al., 2020; Welle et al., 2021). We recently
(Della Valle et al., 2021) demonstrated how electroplated
PtIr can decrease CF impedance with a good coating
adherence. However, the stability of PtIr-CFs under electric
pulsing test has not been investigated. In the studies presented
here, we found PtIr-CFs can inject 1.25 mC/cm2 (0.5 ms pulses
in PBS) while staying within the water window for PtIr. The
corresponding current amplitude of 40 μA was well above
published activation thresholds for cortical
microstimulation (Schmidt et al., 1996). Pulse testing at
300 Hz and 10 kHz resulted in decreases in impedance and
voltage transients, consistent with other studies of chronic
stimulation (Fomani and Mansour, 2011). This phenomenon
does not indicate electrode instability, rather a modification of
the surface or cleaning of the exposed electrode area (Fomani
and Mansour, 2011; Vomero et al., 2017). Two pilot
experiments demonstrated stimulation, with a cellular scale
electrode in vitro and a sharpened CF in the visual cortex,
which also suggests relatively stable electrochemical
properties. In all stimulation experiments, visual inspection
with SEM found no coating loss or delamination. In general,
PtIr-CF appears to be stable for the conditions tested. Our

FIGURE 8 | In vivo pulsing tests. (A) VT recorded in rat visual cortex at depth of 300 μm, 6,000 cathodic first biphasic pulses of 200 μs duration, 100 μs gap
interphase at 50 Hz were delivered at four different current amplitudes (10, 15, 20 and 25 μA). (B) VT in vivo pulsing test (1 h) at 600 μmdepth recorded every 10 min (C)
PtIr-HDCF impedance before (red solid line) and after (blue solid line) the in vivo pulsing test. (D) SEM of the PtIr-HDCF after the in vivo pulsing test acquired at 10 kV (left)
and 20 kV (right).
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findings are comparable to other recent work on ultra
microelectrodes and materials for microstimulation. Deku
et al. (2018) recently developed ultrasmall silicon carbide
electrodes (electrode site area from 20 to 200 μm2) coated
either with titanium nitrite (TiN) and sputtered iridium oxide
films (SIROF) that provided more than 1 nC/ph of charge
injection within water electrolysis limits with a 200 μs pulse.
Boehler et al. (Boehler et al., 2020) presented nano-structured
platinum (nano-Pt) coatings that were able to provide low
impedance microelectrodes (ø 35 μm) with good electric
stability in response to pulsing test both in vitro (1.5 billion
pulses of 1.5 mC/cm2) and in vivo over 5 weeks of implantation
for recording and stimulation of mice medial septal nucleus
using a 125 μm nano-Pt coated wire. Zheng et al. (2017),
characterized 200 μm IrOx nano-Pt microelectrodes in vitro
as potential stimulating microelectrodes providing a charge
density of 1.2 mC/cm2.

Finally, voltage transient data measured in vivo includes the
voltage across both the PtIr-CF electrode and the return
electrode. Thus, we did not measure electrode polarization
across PtIr-CF in vivo. However, it is known that electrode
polarization is generally greater in vivo (Leung et al., 2014) or in
model cerebrospinal fluid (Cogan et al., 2007), versus PBS
solution, which we used for electrode polarization
measurements (Figure 3). Our VT data showing higher
voltage in vivo is consistent with these earlier studies. For the
same current and pulse width, we found VTs to be two to three
times greater in vivo vs. in vitro. The VT waveforms in vivo tend
to be rounded, making accurate estimates of polarization
difficult. Leung et al. (Leung et al., 2014), determined charge
injection limits in vivo for retinal, cochlear, and subdural
locations, using the same methods for determining charge
injection limits in vitro. The in vivo charge injection limits
they found were well below charge density limits found by post-
mortem tissue assessment. The authors concluded that in vivo
charge injection limits cannot be measured in the same manner
as in vitro tests. EIS taken before and after in vivo pulse testing
suggested no coating loss on the electrode surface, which was
confirmed by SEM. We noted a crack in the coating after in vivo
stimulation, but this PtIr-CF had no SEM performed prior to
pulse testing. Our in vivo experiments should be considered
preliminary and the next experiments will be augmented with
chronic implantation and stimulation, tissue analysis, and
imaging data pre and post test implant to determine the
safety of stimulation with PtIr-CFs.
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