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Abstract

Over the last two decades, platinum group metals (PGMs) and their alloys have dominated as the materials of choice
for electrodes in long-term implantable neurostimulation and cardiac rhythm management devices due to their
superior conductivity, mechanical and chemical stability, biocompatibility, corrosion resistance, radiopacity, and
electrochemical performance. Despite these benefits, PGM manufacturing processes are extremely costly, complex,
and challenging with potential health hazards. Additionally, the volatility in PGM prices and their high supply risk,
combined with their scarce concentration of approximately 0.01 ppm in the earth’s upper crust and limited mining
geographical areas, underscores their classification as critical raw materials, thus, their effective recovery or substitution
worldwide is of paramount importance. Since postmortem recovery from deceased patients and/or refining of PGMs
that are used in the manufacturing of the electrodes and microelectrode arrays is extremely rare, challenging, and
highly costly, therefore, substitution of PGM-based electrodes with other biocompatible materials that can yield
electrochemical performance values equal or greater than PGMs is the only viable and sustainable solution to reduce
and ultimately substitute the use of PGMs in long-term implantable neurostimulation and cardiac rhythm
management devices. In this article, we demonstrate for the first time how the novel technique of “reactive
hierarchical surface restructuring” can be utilized on titanium—that is widely used in many non-stimulation medical
device and implant applications—to manufacture biocompatible, low-cost, sustainable, and high-performing
neurostimulation and cardiac rhythm management electrodes. We have shown how the surface of titanium electrodes
with extremely poor electrochemical performance undergoes compositional and topographical transformations that
result in electrodes with outstanding electrochemical performance.

Introduction

Given the growing and aging global population coupled
with numerous cardiac™? neurological®™®, retinal”® and
hearing disorders™'?, there is a rising need for advanced
biomedical devices, healthcare products, and services'!.
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Over recent decades, implantable biomedical devices have
become essential for many patients worldwide, playing
crucial roles in life-critical and life-sustaining func-
tions'>"'*, Notably, long-term implantable neurostimula-
tion devices have become critically important. They help
in the diagnosis, monitoring, and treatment of various
cardiac, neurological, retinal, and hearing disorders by
stimulating nerves, as well as detecting and recording
electrical activities from neural tissue. Over the past six
decades, these devices and systems have evolved
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dramatically, proving to be vital tools in the treatment of
such conditions'®. Neurostimulation devices operate by
artificially stimulating living tissues with an external
electrical signal from a neurostimulator or an implantable
pulse generator (IPG) via an implantable metal electrode
or microelectrode array, and then across the membranes
of specific neural cells or tissues'®'”. Electrodes used in
these applications need to be biocompatible, stable in a
biological setting, and electrically conductive, while
ensuring they meet the required electrochemical perfor-
mance within such environments. Effective electrodes or
electrode contacts in microelectrode arrays should
demonstrate low impedance for sensing and stimulation,
high charge injection capacity for safe and reversible sti-
mulation, and increased capacitance for cardiac pacing
applications'®?°, The effectiveness of these electrodes
largely depends on two main aspects: (1) electrode
material composition and applications, and (2) surface,
geometrical, and topographical properties of electrodes.

Electrode material composition and applications

Over the last few decades, several metals and alloys have
been investigated for use as electrodes in neurostimula-
tion devices. These include platinum (Pt), and other pla-
tinum group metals (PGMs) such as iridium (Ir) and their
alloys e.g. Pt10Ir'!, stainless steel*’, titanium (Ti)*?, Ni-
based superalloys (e.g., MP35N)*?1232% tantalum (Ta)*,
tungsten (W)?**’, and gold (Au)*®. Among these mate-
rials, PGMs are the most common electrode materials due
to their excellent conductivity, mechanical and chemical
stability, biocompatibility, corrosion resistance, radio-
pacity, and electrochemical performance'"**~%3, Since the
early 1970s, PGMs—and Pt in particular—have been used
in medical devices for a variety of cardiac and neurological
disorders and other life-threatening conditions. In 2010
alone, ~175,000 oz of Pt was estimated to have been used
in biomedical devices''. According to the United Nations
Environment Programme (UNEP), the global population
will reach over 9 billion by 2050 with nearly 90% of the
world’s population located in developing countries. Thus,
with the ageing and increasing world population, and
increasing access to healthcare and advanced medical
treatments in developing countries, devices using PGM-
based electrodes will significantly contribute to improving
the quality of life of people around the globe''. Currently
there are not any precise reports or data on the volume of
PGMs consumed in neurostimulation and cardiac rhythm
management devices, but the number of these devices
implanted annually is noteworthy. For example, ~1.2 M
cardiac pacemakers alone were implanted globally in
2016, with a projection of ~1.5 M to be implanted globally
in 2023°*. As per the World Health Organization 2020
report®, more than 264 million adults globally are suf-
fering from various neurological disorders. As a result, the
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global implantable neurostimulators market size was
valued at $4.6 billion in 2019 and is expected to expand at
a compound annual growth rate of 11.7% from 2020 to
2027. Additionally, according to the World Health
Organization, there are ~430 million people globally
suffering from hearing loss or hearing disorders and by
2050 this figure is expected to rise to over 700 million
people. On the other hand, the global cochlear implant
market was valued at $1.5 billion in 2021 and expected to
grow at a compound annual growth rate of 8.7% between
2022 and 2030, reaching $3.1 billion by 2030°°~*%, Since
almost all cardiac, neurostimulation, and cochlear
implants require PGMs in the manufacture of their
electrodes and microelectrode arrays, it is obvious that
PGM consumption in these devices is worthy of attention.
Most importantly, PGM content in the earth’s upper crust
is approximately 0.01 ppm and PGM ore mining takes
place in limited geographical areas. In addition, PGM
manufacturing processes are extremely expensive, com-
plex, and challenging with possible health hazards. Hence,
PGMs are associated with high supply risk and significant
economic importance. Consequently, PGMs are classified
as critical raw materials, thus their effective recovery or
substitution worldwide is of paramount importance®.
When PGMs are refined, over 95% recovery can be
achieved once PGM-containing scraps reach a state-of-
the-art refining facility. Among all sectors consuming
PGMs, industrial applications are found to lead the way in
terms of recycling rates. More importantly, PGM thrifting
and substitution has been rapidly growing in various
industries due to tightening legislative restrictions in
Europe and North America, and high PGM prices™.
However, in long-term implantable neurostimulation
applications—e.g., cardiac pacemakers, implantable defi-
brillators and other neurostimulation devices—post-
mortem recovery (from deceased patients) and refining of
PGMs that are used in the manufacturing of the elec-
trodes and microelectrode arrays is extremely rare, chal-
lenging, and highly costly. The majority, if not all, of these
devices remain with deceased patients if the deceased is
not cremated. If a deceased patient is cremated, only the
IPG that contains the battery is explanted (due to the risks
and dangers of battery explosion in crematoria®') at
funeral homes and are often donated for reuse in devel-
oping countries due to the vast disparities in new device
implantation rates between developed nations and
developing countries™ **, In either case, regardless of
whether the deceased will be subjected to cremation or
not, the leads, the electrodes, and the microelectrode
arrays that contain the PGMs remain in the body and are
not explanted for reuse or recovery/refining. Therefore,
substitution of PGMs with other materials and/or elec-
trode surface topography that would lead to reduction in
the amount of PGM used per patient are the only viable
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solutions to reduce the use of these metals in long-term
implantable neurostimulation applications to ensure sus-
tainability and security of PGM supply chain for the

future®.

Surface, geometrical, and topographical properties of
electrodes

Typically, electrodes with larger sizes possess a higher
geometric surface area (GSA), which enables them to
inject more charge before hitting the potential threshold
for irreversible electrochemical reactions'®. Yet, the larger
size of these electrodes can diminish their spatial selec-
tivity*®. To increase the charge injection capacity for
delivering a higher resolution electrical signal and/or
improving device performance*®*’, GSA can increase by
increasing the number of electrodes. Nonetheless, given
the constraints posed by the confined spaces within the
brain, spinal cord, cochlea, and eye, adding more elec-
trodes necessitates smaller electrode sizes, which in turn
limits the charge each can deliver, negatively affecting
device efficacy and countering the purpose of electrode
multiplication. A viable solution is to enhance the elec-
trochemical surface area (ESA) of the electrodes, thereby
allowing a reduction in GSA while maintaining high
charge transfer capabilitiy and low impedance due to the
increased electrochemically active surface area'®*®".
Optimizing ESA while reducing GSA allows the integra-
tion of more electrodes within a device, thus improving
performance, selectivity, fidelity, and energy efficiency.
Figure 1 shows both old and new generations of electrode
arrays in neurostimulation devices, including recent
commercial devices with diverse electrode array numbers
and geometries.

Over the last 20 years, various methods and technologies
have been introduced to enhance the ESA of electrodes, such
as iridium oxide thin films (IrO,)'#3>*3*8-62 fractal titanium
nitride coatings (TiN)>*%*%, black or porous platinum (Pt)
coatings®®, conductive polymers*”"*~¢, two-dimensional
materials’”’®, carbon nanotubes’™®? and nanostructured
scaffolds®®. Most recently, hierarchical surface restructuring
(HSR)'” which uses ultrashort laser pulses to create topo-
graphical features at multiple length scales on the electrode
surface, has demonstrated electrochemical performance
values significantly surpassing previous reports. For instance,
improvements include a hundredfold increase in charge
storage capacity and a more than 700-fold increase in specific
capacitance compared to non-restructured Ptl10Ir electro-
des'”. Hierarchically restructured Pt10Ir electrodes also show
superior in vivo performance, holding considerable promise
for neurostimulation applications®. Although the HSR
method has led to unprecedented performance levels, it still
depends on PGMs for electrode fabrication. As previously
discussed, replacing PGMs with materials offering compar-
able or superior electrochemical performance is essential for
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a sustainable and viable reduction in PGM use in long-term
implantable neurostimulation devices.

Among all metallic materials outlined earlier con-
sidered for electrode use in neurostimulation devices,
titanium (Ti) and its alloys are predominantly utilized
in various non-stimulation medical device applications,
such as dental and orthopedic implants. This wide-
spread use is attributed to Ti’s biocompatibility, cor-
rosion resistance, and favorable mechanical properties.
Despite its electrical conductivity, Ti is not ideal for
electrodes and microelectrode arrays due to its ten-
dency to readily form a thin, dense, and non-conductive
Ti dioxide (TiO,) layer at the electrode-air interface®”.
This layer significantly hinders its electrochemical
efficacy, making it a less suitable choice for neuro-
stimulation and cardiac rhythm management devices.
Conversely, titanium nitride (TiN) is used extensively as
a surface coating for electrodes in cardiac rhythm
management devices due to its exceptional electro-
chemical properties when deposited in a fractal coating
form33:63-65

Although coatings can improve the electrochemical
performance of electrodes, they present manufacturing
and throughput challenges. Coatings are typically not
conducive to serial or in-line production processes.
Many applications necessitate expensive and lengthy
vacuum and batch processes, which are dependent on
the required coating thicknesses. These processes can
extend over several hours to attain the necessary coating
thickness and desired performance. Additionally, coat-
ing technologies frequently necessitate the use of masks,
which can be expensive and difficult to produce, to
selectively apply coatings to specific areas of the elec-
trode surface.

An approach that can be utilized to address some of the
shortcomings of coating technologies is laser nitriding, in
which short or ultrashort laser pulses are used to syn-
thesize TiN via a reaction between a titanium surface and
nitrogen gas from a nitrogen-rich atmosphere. Synthesis
and formation of TiN coatings by laser-based approaches
in a nitrogen-rich reactive environment have been vastly
studied in the literature®°' primarily for wear and cor-
rosion protection in industrial and some medical device
applications. The method of direct laser synthesis in a
reactive gas environment represents an alternative to the
production of hard TiN coatings deposited by classical
manufacturing techniques. In the studies reported in the
literature®®°, a wide range of lasers, e.g., free electron,
excimer, nanosecond, and femtosecond lasers, have been
used. It should be noted, however, that a major issue with
the reported laser nitriding methods is the fast formation
of an oxide layer on the surface of the titanium sub-
strate®, which significantly hinders the effective forma-
tion of TiN.



Amini et al. Microsystems & Nanoengineering (2024)10:125

Page 4 of 16

v

Percutaneous electrode array

(Pt10Ir alloy) are implanted in or on the epileptic seizure focus

E Implantable pulsew, m
e n 5 3 tor (IPG, 3
1 = . generator (IPG)
i ; \ ’
|I| % cad-p
11 5
: '
11 oLy
I S
§ =5 .
Percutaneous _y~+"". A

electrode array

Implantable pulse Cortical
generator (IPG) electrodes
P S

Fig. 1 Overview of various types and generations of neurostimulation electrodes and microelectrode arrays. Examples of older generations
of percutaneous and paddle electrode arrays that included a four electrodes used in spinal cord stimulation devices. b Examples of newer
generations of percutaneous arrays that include 8-16 electrodes and paddle arrays that include 16-32 electrodes to help improve stimulation
selectivity and flexibility in spinal cord stimulation devices [a, b Photo reproduced with permission from Lempka, $**]; c-e examples of commercial
spinal cord stimulation devices for treatment of chronic pain: ¢ Omnia™ System, and d Senza™ System by Nevro Corp. [c, d photos used with
permission and courtesy of Nevro Corp.]; the Omnia™ System represents a percutaneous style of electrode (Pt10Ir alloy) array with 16 percutaneous
(cylindrical) electrodes that is implanted in the spinal cord system. The Senza™ System represents a paddle style of electrode (Pt10Ir alloy) array with
16 flat electrodes that is implanted in the spinal cord system; e a spinal cord stimulator system with a percutaneous electrode array that includes 32
cylindrical Pt10Ir electrodes [photo with permission and courtesy of Boston Scientific; ©2022 by Boston Scientific Corporation or its affiliates. All rights
reserved.]; f an example of a responsive neurostimulation device (RNS® System, NeuroPace, Inc; photo used with permission and courtesy of
NeuroPace, Inc); this neurostimulator is implanted in the skull, replacing a similarly shaped section of bone. The cortical strip or depth electrodes
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Objectives

In this work, we combine the advantages of laser surface
restructuring, coating deposition techniques, and laser
nitriding via the novel technique of reactive hierarchical
surface restructuring (RHSR). Using this approach, the
electrode surface undergoes chemical and topographical/
geometrical changes that result in superior electro-
chemical performance. We demonstrate that Ti—similar
to Pt10Ir'’—can be hierarchically restructured by femto-
second lasers in the presence of nitrogen to promote
reactive synthesis of electrochemically stable TiN on the
surface of the electrodes and that the resulting electro-
chemical performances can be comparable or superior to
hierarchically restructured Pt10Ir electrodes.

This report not only introduces the RHSR technology
but also systematically investigates the reactive restruc-
turing phenomena towards establishing a controllable
process that can be leveraged for sustainable production
of neurostimulation and cardiac rhythm management
electrodes. Our founding hypothesis is that through laser
restructuring in flowing nitrogen, the electrode will
develop a hierarchically restructured surface dominated
by stable TiN. In this process, the native oxide layer
previously formed due to the exposure of titanium to

ambient atmosphere is removed through laser ablation.
The surface undergoes a reactive hierarchical restructur-
ing step in which hierarchical structures comprised of
varying length scales are formed. During this step, the
hierarchical structure is covered with reactively synthe-
sized TiN that limits formation of insulating TiO, and
imparts high electrochemical performance to the elec-
trode. We confirm our hypothesis through a systematic
study, which involves surface and subsurface character-
ization of hierarchically restructured Ti electrodes
through multiple modalities of microscopy and spectro-
scopy, and correlation of the measured structural and
compositional properties with the electrodes’ perfor-
mance. Last but not least, the in vitro and in vivo bio-
compatibility studies performed on reactively restructured
Ti electrodes have shown that these electrodes elicit no
cytotoxicity, no irritation and no sensitization.

Materials and methods
RHSR via femtosecond lasering

Of the several laser processing parameters that enable
surface tunability as described in a previous work'”, this
study focuses on effective fluence, which is directly cor-
related to the amount and distribution of energy to the
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surface, i.e., the energy delivered by the laser per unit area
and the spatial distribution of that energy across a surface,
as defined in Eq. 1. Fluence determines the outcome of
the reactive restructuring process and is directly related to
overall laser machining time, an important factor in
manufacturability and commercial viability.
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The laser source used in these experiments was a
Monaco 1035 (Coherent, Santa Clara, CA, USA), that
generates 257 fs pulses with a central wavelength of
1035nm and an initial beam diameter of 2.7 mm. A
telecentric, f-theta lens (Wavelength, Singapore) with a
focal length of 70 mm focuses the beam down to an
~8 um spot size at the focal point. The beam is deflected
and targeted via an IntelliSCAN galvo scan head
(SCANLAB, Pucheim, Germany). In this study, a series of
flat 0.5 mm-thick Ti electrodes were hierarchically
restructured in a reactive environment (Fig. 2a). The
fluences of 89, 51, 39, 33, 29, 24, and 22 MJ/cm? were
chosen, while all the other known/controllable lasering
parameters were kept constant. The experiments were
performed within an oxygen-deprived cylindrical chamber
(Fig. 2b) that fed nitrogen gas (N,) throughout the RHSR
process. N, was supplied through a port in the bottom
third of the chamber at a rate of 20 Normal Air Liter per
min (NL/min) (gauge calibrated to Ar at 20 °C). The top
of the chamber is enclosed with a @1” UVES Broadband
Precision Window (Thor Labs, Newton, New Jersey),
anti-reflective (AR) coated to accept wavelengths in the
range of 350-700 nm. Additionally, as a case study, a Ti
leadless pacemaker can was hierarchically restructured

circumferentially by mounting the can to a 2-axis rotary
(HIWIN GmbH, Offenburg, Germany), positioned so the
axis of rotation of the cylinder is set perpendicular to the
direction of the laser beam. The focal position of the laser
was tuned to top center of the cylinder to minimize
deflection. Rotational speed was derived as a function of
the can circumference and fluence, calculated so as to
permit the laser to traverse the length of the restructured
area with theoretically similar overlaps compared to the
flat electrodes.

Confocal and scanning electron microscopy

To qualitatively and quantitatively analyze the surface of
reactively restructured Ti electrodes, correlative scanning
electron microscopy (SEM) imaging and confocal laser
scanning microscopy (CLSM) were conducted. SEM
imaging was performed using a ZEISS Crossbeam 340
(ZEISS, Oberkochen, Germany) while CLSM was per-
formed on a Keyence VK 3010 (Keyence, Osaka, Japan).
Various surface parameters (root mean square [RMS]
height of the surface [S,], maximum height difference [S,]
and developed interfacial area ratio [Sq.]) as a function of
laser fluence were calculated. All SEM and CLSM
experimental details and the mathematical equations to
obtain these parameters can be found in a previous
work'”.

X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) analyses

XRD was performed using a Panalytical Empyrean sys-
tem (Malvern Panalytical B.V., Almelo, Netherlands) with
a copper source emitting K, radiation with a wavelength
of 1.54 A in the Bragg-Brentano configuration. A 1/8th
degree divergence slit and a 4 mm mask were used during
data collection. The incident beam optic was the parallel
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beam mirror for copper radiation. The detector was a
PIXcel3D detector operating in scanning line detector
(1D) mode. Data was collected in a range consistent with
known peaks from Ti, TiN, and TiO,. X-ray photoelec-
tron spectroscopy (XPS) compositional analysis was per-
formed using a PHI VersaProbe 5000 (Physical
Electronics, Chanhassen, MN) with Ar" and electron
neutralizing flood guns. Ti 2p high-resolution spectra
were measured between binding energies of 449-474 eV.
Depth sputtering was performed using a 1keV Ar' ion
beam rastered over an area of 2mm by 2 mm. Spectra
were analyzed using CasaXPS software with Shirley-type
backgrounds applied. The spectra obtained at the surface,
prior to sputter etching, were aligned using the adventi-
tious carbon. Following sputtering, this alignment was
carried out by shifting the spectra such that the Ti-O 2p3,
peak is at a constant energy.

Focused ion beam (FIB) cross-sectioning and energy
dispersive spectroscopy (EDS) analysis

To investigate the depth of restructuring and the mor-
phology of the restructured electrodes, flat restructured
electrodes and the anode pacing ring of a Ti leadless
pacemaker can were investigated in a Tescan S8252X
Plasma FIB system (Brno, Czech Republic) using a Xenon
(Xe) plasma. Xe-ions were accelerated with a 30kV
potential difference. Cross-sections were milled and
imaged in the dual beam system. Subsequent measure-
ments of composition of the cross sections were per-
formed using EDS in a Thermo Fisher Scientific Apreo S
(Brno, Czech Republic) with a tilt stage. The electron
source was a thermally assisted field emitter. The Apreo is
configured with an Oxford Instruments X-MAX 50 EDS
system (High Wycombe, UK) coupled with Aztec v3.3
software. All EDS data were collected using 10 keV elec-
trons and a working distance of 10 mm. After tilting—so
that there was a line-of-sight path between the milled
region of interest and the X-ray detector—compositional
maps were collected. Selected area scans and line scans
(not shown) were also collected to confirm compositional
gradients which were observed in the maps.

lon milling and electron backscatter diffraction (EBSD)
analysis

Microstructure, grain size, grain orientation and texture
of the restructured Ti electrodes post-restructuring were
analyzed with EBSD on a JEOL JSM-7000F Field Emission
Scanning Electron Microscope (Tokyo, Japan) equipped
with an EDAX Hikari Pro 600pps Detector (Mahwah, NJ).
To achieve the surface quality required for EBSD analysis,
ion milling was performed on a JEOL IB-09010CP Cross
Section Polisher (Tokyo, Japan). The settings used for the
ion milling was 5.0kV accelerating voltage with a 4.5
Argon gas flow resulting in approximately 120 pA current
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for a duration of 14h. The EBSD results were analyzed
with Ametek Inc’s OIM Analysis™ version 8 software.
Neighbor pattern average re-indexing was performed on
the dataset. Grain dilation and neighbor confidence index
correlation were performed as the dataset cleanup
methods.

Electrochemical measurements

Cyclic voltammetry (CV) and electrochemical impe-
dance spectroscopy (EIS) were used to measure charge
storage capacity (CSC), impedance, and specific capaci-
tance (SC)'"'#323%62 on reactively restructured Ti elec-
trodes. All CV and EIS experimental details can be found
in a previous work'”.

Biocompatibility studies

In vitro cytotoxicity against cells in culture was per-
formed in accordance with ISO 10993-5:2009(E). In short,
extracts were created by soaking the electrodes in Com-
plete Minimum Essential Medium (Eagles) with Earle’s
Balanced Salts, supplemented with 10% fetal bovine
serum. These extracts, or controls using USP High-
Density Polyethylene Reference Standard or latex beads,
were then applied to confluent layers of L929 murine
fibroblast cell lines at a ratio of 2 ml extract per 35 mm
culture dish. Cells were allowed to grow at 37 °C for 48 h
before microscopic evaluation for damaged or rounding
cells. The full scoring matrix and methodology can be
found in the supplementary information.

In vivo intradermal irritation studies were conducted in
accordance with ISO 10993-10:2010(E). In short, healthy
female, young adult albino rabbits (NZW/SPF) were
injected with polar or non-polar extracts from the elec-
trodes using either saline or vegetable oil as the solvent,
respectively. After clipping the fur on the subjects, a series
of 0.2ml injections were made, with 5 polar extract
injections and 5 non-polar extract injections on one side
of the spinal column. Controls, saline as a negative control
and 0.1% SDS in 0.9% sodium chloride as a positive
control, were injected on the opposite side of the spinal
column. Examination of injection sites was performed
immediately upon injection and at 24 h intervals through
72 h post injection. Erythema and edema at the injection
sites were assessed using the scoring found in the Sup-
plementary Information, along with a full description of
the methodology.

Similarly, in vivo skin irritation tests were carried out in
accordance with ISO 10993-10:2010(E). The Guinea Pig
Maximization Test (GPMT) was used to assess dermal
sensitization using healthy, young adult, albino guinea
pigs from a single outbred strain (Dunkin Hartley),
weighing between 300 and 500 g. Extracts for the assay
were prepared as above. During the induction phase, each
subject received 3 injections on either side of the midline
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Fig. 3 Microstructural results. Representative SEM micrographs of electrodes restructured at 89, 29, and 22 MJ/cm? at two different magnifications

with controls being propylene glycol or propylene glycol
supplemented with 0.1% dinitrochlorobenzene. Seven
days later, the topical induction phase began by placing
gel blot paper soaked in the extract or controls over the
corresponding injection sites and covered with a bandage.
These remained in place for 15 days, at which point the
challenge phase began by applying new patches with
extracts or controls to each injection site for 48 h. Eva-
luation for adverse reactions were carried out 48 h after
bandage removal using the scoring matrix found in the
Supplementary Information, along with a thorough
description of the methodology.

Results and discussion
Surface and sub-surface characterization

Figure 3 shows representative SEM micrographs of the
electrodes restructured at 89, 29 and 22 MJ/cm? fluence at
two different magnifications (first two rows) and at a 45°
tilt angle (third row). These micrographs qualitatively
show that there are larger height differences and higher
prevalence of nanoscale features at higher fluences. The
first row of micrographs shows the repeatability of the
RHSR technique over about 15 peaks, while the second

row, with a higher resolution, demonstrates the topo-
graphical aspects of a single peak. The third row of
micrographs, captured at a 45° tilt angle, displays the
shape of each peak and constancy of height. Figure 4
shows representative 2D heat maps (top row), cross-
sectional profiles (middle row), and 3D reconstructed
view (bottom row) of representative electrodes restruc-
tured at 89, 29 and 22 MJ/cm” fluence. These micrographs
and profiles quantitatively demonstrate that depth of
restructuring is higher at higher fluences, with S, being
approximately twice as large for 89 MJ/cm® fluence
compared to 22MJ/cm?® fluence. Plots of root mean
square height (Sg), maximum height (S,), and developed
interfacial area ratio (Sg.) as a function of fluence are
shown in Fig. 5. These plots show that S;, S,, and Sg
exhibit a decreasing trend roughly in the 20—40 MJ/cm?
fluence regime.

Figure 6 presents SEM micrographs and Xe-ion milled
cross-sections of the reactively restructured anode pacing
ring of the Ti leadless pacemaker can. The hierarchical
surface structure created as a result of reactive restruc-
turing can be observed in the SEM micrographs of Fig. 7.
The micrographs in Figs. 3, 6, and 7 reveal that the surface
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Fig. 4 Topographical results. Representative 2D heat maps (top row), cross-sectional profiles (middle row), and 3D reconstructed view (bottom
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hierarchy is notable by a periodic topography comprised
of coarse-scale mound-like features that are ~20 pum wide
and ~10-30 pm high with a finer nano-structure subset
on top of the mound-like structures. In Fig. 6, the lower
panel of three micrographs show dense Ti with porous
material non-symmetrically formed near the surface of
the pillars. Some FIB curtaining effects are noticeable. To
understand the origin of the porous materials observed in
the milled cross-sectional micrographs, EDS mapping was
performed. Figure 8 shows the milled cross-section of the
flat Ti electrode restructured at 89 MJ/cm? fluence. In the
porous region on top of the pillars, increased nitrogen and
oxygen content is noticeable. These nanostructured por-
ous regions are most likely a mixture of TiN and TiO,
that are reactively formed and the source of the TiN and
TiO, indexed peaks in the XRD and XPS data (discussed
below).

Analysis via EBSD of the Ti electrode restructured at
89 MJ/cm? fluence revealed a grain size—determined by
the average horizontal and vertical intercept lengths—of
5.84 um. Figure 9 demonstrates the grain structure as
shown by the image quality map overlaid with an inverse
pole figure map. There is no significant difference in grain
size with increasing depth beneath the restructured sur-
face. The grains are equiaxed, with an average aspect ratio
of 0.48. Figure 9 also shows the grain boundary mis-
orientations. Most of the grain boundaries have

misorientations greater than 15°, with an even distribution
between the binned misorientation ranges. There is a
moderate diffuse basal texture with respect to the trans-
versely sectioned surface of the substrate, as represented
in the inverse pole figure displayed in Fig. 9.

X-ray diffraction and XPS analysis

Figure 10 shows the results of X-ray diffraction mea-
surements which were made on Ti electrodes restructured
at different fluences, showing the overall scan with both Ti
and TiN peaks indexed. Only fluences of 89 and 29 MJ/cm?
are shown for clarity though all other fluences show a
systematic evolution of peak development with the lar-
gest TiN (111) peaks observed at 89 MJ/cm? fluence and
the smallest peak found at 22 MJ/cm? fluence. It is evi-
dent from the diffraction measurements on the electrode
restructured at 89 MJ/cm?® fluence (Fig. 10) that two TiN
peaks emerge at approximately 36.8° (111) and 42.6°
(002). These are expected to be the strongest two peaks
observed for cubic TiN. It is also evident from Fig. 10 that
a peak emerges at approximately 61.8° (022) on the
electrode restructured at 89 MJ/cm? fluence. Careful
examination of the data reveals that small TiN peaks can
be observed in the electrode restructured at 29 MJ/cm?
fluence, but the larger peaks observed in the 89 MJ/cm?
fluence electrode suggest that more TiN is formed or
there is more long-range-order in the electrode
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restructured at higher fluences. These data confirm that
TiN forms when laser restructuring is performed in a
nitrogen-rich atmosphere. The differences observed
between the electrode restructured at 29 MJ/cm? fluence
and those restructured at 89 MJ/cm? fluence are related
to the energy delivered per unit area of the electrodes
consistent with the overall restructuring observed in
Figs. 3 and 4.

Figure 11 shows depth-dependent high-resolution Ti 2p
X-ray photoelectron spectra (XPS) of a Ti electrode
restructured at 89 MJ/cm? fluence (Fig. 11a) and a 4.5 pm-
thick sputter-deposited TiN coating on a sapphire wafer
(Fig. 11b). The displayed spectral features are deconvo-
luted to peak pairs attributed to chemically disparate Ti
centers of TiO, (~458.9 eV and ~464.7 eV for 2ps3,, and
2p1/> binding energies, respectively) and TiN (~455.0 eV

Fig. 7 Case study’s microstructural results. SEM micrographs of the
reactively restructured anode pacing ring of the leadless pacemaker
notably revealing the surface hierarchy and the periodic topography
comprised of coarse-scale mound-like features and a finer nano-
structure subset on top of the mound-like structures

\
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and ~461.0eV for 2ps, and 2pq/, respectively). The
surface of the restructured Ti electrode shows a purely
TiO, composition, while the data obtained after depth
profiling with 1keV Ar" sputtering contains spectral
features associated with both TiN and TiO, compositions.
While the non-planar nature of the restructured electro-
de’s surface complicates quantitative interpretation of the
data acquired after depth profiling, the XPS data is con-
sistent with XRD and EDS in confirming a TiO, surface
capping the TiN film following restructuring. Meanwhile,
the TiN film on sapphire shows a mixture of TiN and
TiO, in the surface layer, while depth profiling shows a
shift towards pure TiN after 5 minutes of depth profiling.
Under these conditions, the sputter rate is expected to be
on the order of 1-10 nm/min”?, indicating that any sur-
face oxide is likely confined to approximately the top
5-20 nm and not more than 50 nm.

Electrochemical measurements

Figure 12a, b display representative cyclic voltammo-
grams of an as-received un-restructured Ti electrode and
a Ti electrode restructured at 89 MJ/cm? fluence,
respectively. To provide a better context and for the sake
of comparison, Fig. 12c compares cyclic voltammogram of
the restructured Ti electrode (89 MJ/cm?® fluence) as
shown in Fig. 12b with the cyclic voltammograms of a
restructured Pt10Ir electrode'” as well as a 4.5 um-thick
TiN coating. The un-restructured Ti electrodes exhibited
an average CSCyy of 0.2+0.1 mC/cm? whereas the
reactively restructured Ti electrodes exhibited an average
CSCiotal Of 202 +13mC/cm? The restructured Pt10Ir

\.

Fig. 8 Cross sectional analysis. Milled cross-section of the Ti electrode restructured at 89 MJ/cm? fluence and its associated elemental EDS maps;
the nitrogen-rich (green) region is most likely TiN. The oxygen-rich (blue) top surface is likely TiO,
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electrodes and the 4.5 pm-thick TiN coating exhibited an
average CSCya of 185+11 and 192+ 6 mC/cm?
respectively. The error bars are standard deviation of nine
CV measurements, i.e., three electrodes tested three
times. Restructured Ti electrodes not only show over
three orders of magnitude increase in their CSCiyy
compared to their un-restructured Ti electrode counter-
parts, but also their CSC.y, exceeds those of the
restructured Pt10Ir electrode'” and also a 4.5 pm-thick
TiN coating. More notably, CSC,,, and specific capaci-
tance (SC) seem to be a strong function of fluence for
restructured Ti electrodes (Fig. 12d), demonstrating tun-
ability of the electrodes’ performance by adjusting lasering
parameters. This is the first time that such performance

enhancement and tunability have been reported for
restructured Ti electrodes. The restructured Pt10Ir elec-
trodes exhibit an oxidation peak at 0.8V and a small
reduction peak near 0.1V inherent to Pt10Ir as shown in
their cyclic voltammograms that are also semi-rectan-
gular, indicating double-layer capacitance similar to TiN.
Restructured Ti electrodes, on the other hand, exhibit a
semi-rectangular behavior indicating only double-layer
capacitance similar to TiN"’.

EIS data measured for un-restructured and restruc-
tured Pt10Ir, un-restructured Ti, and restructured Ti
(89 MJ/cm? fluence) in room temperature PBS are
shown in Fig. 13a (plotted in the 0.1-10° Hz frequency
range). The data is demonstrated in bode-plot format
(phase angle not shown) in which the logarithm of the
impedance is plotted as a function of the logarithm of
frequency. Figure 13b shows Bode plot of impedance
magnitude as a function of frequency plotted in the
0.1-10 Hz frequency range for restructured Ti (89 MJ/
cm? fluence), restructured Pt10Ir and 4.5 pm-thick TiN
coating. Impedance magnitude at 1Hz and 100 Hz
demonstrated an average reduction of over 400-fold
and 8-fold in the restructured vs. un-restructured Ti
electrodes. At 1kHz (center frequency of spike activ-
ity), the impedance for the restructured Ti (89 MJ/cm?
fluence) was reduced by 40% compared to that of the
un-restructured Ti electrodes. At high frequencies
(greater than 1kHz and in the 10*~10°Hz frequency
range), impedance magnitudes showed resistive beha-
vior representing solution resistance of approximately
14 Q).
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\.

Fig. 11 XPS results. X-ray photoemission spectra of a Ti electrode restructured at 89 MJ/cm? fluence, and b sputter-deposited TiN planar films;
spectra obtained after different etch times are offset vertically for clarity to show spectral changes as a function of depth below the surface
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Biocompatibility studies

The compatibility of the electrodes with host cells and
tissues is a critical consideration in the ability to translate
these electrodes into clinical and device applications.
Several types of biocompatibility measurements was car-
ried out in order to evaluate the electrodes in this context.
First, the cytotoxicity against 1929 fibroblast cells in
culture was evaluated using ISO 10993-5:2009(E). This
approach uses extracts made by incubating the electrodes
in cell culture media, which are then applied to confluent
layers of healthy cells and allowed to incubate for 48 h
before microscopic examination. These experiments
showed no signs of cellular damage or disruption, with the
extracts made from the restructured Ti electrodes per-
forming equally to the negative control (media alone)
(Supplemental Fig. SF1).

Subsequently in vivo skin irritation and sensitivity tests
were performed using animal models according to ISO
10993-10:2010(E). The skin irritation tests involve intra-
cutaneous injection of polar (saline) or non-polar (vege-
table oil) extracts of the electrodes and monitoring the
injection sites for erythema and edema. Over the entire
72 h monitoring period, the polar extracts showed no
ertythema and edema induction in the subjects, similar to
the negative control (saline) (Supplemental Fig. SF2).
Non-polar extracts induced no edema responses and only
“very slight” erythema over the monitoring period,
although the extent of the erythema equivalent to that
induced by the negative control (vegetable oil). Together,

these results indicate no meaningful skin irritation was
caused by the restructured Ti electrodes.

Finally, a skin sensitization assay was performed
according to ISO 10993-10:2010(E). This involves initial
injections of extracts similar to those made in the irrita-
tion study, followed by topical induction by the extracts,
followed by the challenge phase and evaluation. The
responses are graded using the Magnusson and Kligman
Scale for erythema and swelling in response to the chal-
lenge phase. In this case, there was no evidence of sen-
sitization caused by either the polar or non-polar extracts
(Supplemental Table S4). This is important to ensure long
lasting host tolerance of the devices, especially when in
contact or penetrating the skin.

Concluding remarks

In this study, we presented a novel method known as
“reactive hierarchical surface restructuring” for manu-
facturing biocompatible, low-cost, sustainable, and high-
performing titanium (Ti) electrodes for next generation
neurostimulation and cardiac rhythm management devi-
ces and applications. Through multiple modalities of
microscopy and spectroscopy for surface and subsurface
characterization of hierarchically restructured Ti electro-
des, we demonstrated how the surface of Ti electrodes
with extremely poor electrochemical performance
undergoes compositional, phase and topographical
transformations that result in electrodes with superior
electrochemical performance. We demonstrated that the
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surface of the Ti electrodes undergoes reactive hier-
archical restructuring in which hierarchical structures
comprised of varying length scales are formed while the
hierarchical structure is covered with reactively synthe-
sized TiN that limits formation of insulating TiO, that
imparts high electrochemical performance to the elec-
trodes. Restructured Ti electrodes not only exhibited over
three orders of magnitude increase in their total charge
storage capacity compared to their un-restructured Ti
electrode counterparts, but also their total charge storage
capacity exceeds those of restructured Pt10Ir electrodes.
Therefore, the restructured Ti electrodes can inject a
larger range of reversible stimulation pulses to the tissue,
enabling higher density of electrodes in an electrode array
for better selectivity and specificity. Additionally, elec-
trochemical impedance magnitude of the restructured Ti
electrodes was also significantly reduced as a result of
increasing the effective surface area of the electrodes and
the formation of reactively synthesized TiN. This reduc-
tion in electrochemical impedance magnitude of the
hierarchically restructured Ti electrodes also improves
recording performance that renders them highly desirable
in neurostimulation and recording applications. Bio-
compatibility studies were also conducted, demonstrating
no cytotoxicity, sensitization, or irritation as a result of
exposure to extracts of the restructured electrodes in both
in vitro and in vivo model systems. Last but not least, the
novel “reactive hierarchical surface restructuring” tech-
nology introduced for the first time in this work would
lead to reduction and eventual elimination in the amount
of PGMs used in long-term implantable neurostimulation
and cardiac rhythm management devices, which in turn
ensures sustainability and security of PGM supply chain
for the future of our planet.
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