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Abstract

Platinum-based neural electrodes are used for implantation in the brain for recording neuronal activity
and for acute or chronic neural stimulation, such as deep brain stimulation (DBS). For diseases like
Parkinson's, epilepsy, depression, deafness, spinal cord injuries, blindness, advanced tremors, etc.,
there is no complete cure. Therefore, to reduce the severity of the symptoms and to improve the
patient’'s quality of life, DBS is often performed. Although neural electrodes have been clinically
used for a long time now, there are some drawbacks such as the increase in electrode impedance
(Z) due to gliosis formation that reduces the efficacy of the electrodes to record or stimulate the
neurons. Due to increasing Z, higher currents are required for better stimulation, which consequently
reduces the battery life of the pulse generator. To eliminate these challenges faced by neurosurgeons,
research has been carried out by modifying the surface topography using various methods to increase
the electrochemical surface area (ECSA) and thereby reducing the Z. Various surface modification
techniques have been employed for this purpose: chemical modifications, laser patterning, electrode-
position, vapor deposition, self-assembly, etc. One of the rising techniques is the electrophoretic
deposition (EPD) of laser-generated ligand-free nanoparticles (NPs) onto platinum (Pt) electrode
surfaces. It is one of the most versatile and simple methods without requiring complex equipment or
processing tools. By the application of external electric fields, the colloidal NPs dispersed in water
are subjected to a movement towards the oppositely charged electrode, on which the deposition takes
place. The deposition output can be easily modified by simply adjusting the process parameters like
time, field strength, solvent concentration, etc. Previously, our group focused on optimizing the EPD
parameters of PtNP deposition on 2D flat targets. Varying diameters of these spherical NPs were
coated on neural electrodes and their in vivo behavior for a period of three weeks was investigated. In
this work, the established 2D EPD parameters were further optimized to obtain a parameter set for
3D neural electrode targets that produce homogeneous, sub-monolayer depositions. When comparing
direct current (DC) and pulsed DC (PDC) fields, the latter produced homogeneous deposits decreas-
ing the Z. To investigate the solvent influence on the deposits, ethanol-water mixtures were used
for dispersing PtNPs, in which the 30% ethanol-water ratio produced a seven-fold increase in ECSA
and a significant decrease in Z. Investigations were also carried out by coating PtW and Ptlr alloy
NPs, that are commonly seen in the base material composition of neural electrodes. In comparison
to pure Pt, the Pt90Ir10 combination resulted in a significant decrease in the Z. Subsequently, the
PtNP-coated neural electrodes were implanted into the subthalamic nucleus of rats and stimulated
for a period of four weeks. It was observed that the PDC coatings could lower and stabilize the
in vivo Z. Finally, to study the applicability of PDC-coated neural electrodes in the real world, a
systematic investigation of their mechanical stability was performed confirming their suitability in
clinical applications. Therefore, it was demonstrated that the EPD of laser-generated ligand-free
colloidal PtNPs on neural electrode surfaces is an exciting and time-saving approach to efficiently

modify the implant surfaces and enhance their performances.



Zusammenfassung

Neuroelektroden auf Platin (Pt) werden zur Implantation in das Gehirn fiir die Aufzeichnung der
neuronalen Aktivitat und fiir die akute/chronische Nervenstimulation, wie die tiefe Hirnstimula-
tion (DBS), verwendet. Fiir Krankheiten wie Parkinson, Epilepsie, Depression, Taubheit, Blindheit,
Riickenmarksverletzungen, Zittern usw. gibt es keine vollstindige Heilung. Um die Schwere der
Symptome zu verringern und die Lebensqualitat der Patienten zu verbessern, wird daher haufig
eine DBS durchgefiihrt. Obwohl Neuroelektroden schon seit langem klinisch eingesetzt werden, gibt
es einige Nachteile, wie z. B. die Erhdhung der Elektrodenimpedanz (Z) aufgrund der Gliosebil-
dung, die die Wirksamkeit der Elektroden bei der Stimulation der Neuronen verringert. Aufgrund
der Zunahme von Z sind fiir eine bessere Stimulation hohere Strome erforderlich, was die Lebens-
dauer der Batterie des Impulsgenerators verkiirzt. Um diese Herausforderungen fiir die Neurochirur-
gen zu beseitigen, wurde die Oberflachentopographie mit verschiedenen Methoden modifiziert, um
die elektrochemische Oberflache (ECSA) zu vergroBern und dadurch Z zu verringern. Zu diesem
Zweck wurden verschiedene Oberflachenmodifizierungsverfahren eingesetzt: chemische Modifikatio-
nen, Laserstrukturierung, Elektrodeposition, Dampfabscheidung, Selbstmontage usw. Eine der aufk-
ommenden Techniken ist die elektrophoretische Abscheidung (EPD) von lasergenerierten liganden-
freien Nanopartikeln (NPs) auf Pt-Elektrodenoberflachen. Es handelt sich um eine der vielseitigsten
& einfachsten Methoden, die keine komplexen Gerate oder Verarbeitungswerkzeuge erfordert. Durch
Anlegen auBerer elektrischer Felder werden die in Wasser dispergierten kolloidalen Nanopartikel in
Richtung der entgegengesetzt geladenen Elektrode bewegt, auf der die Abscheidung erfolgt. Die Ab-
scheidungsleistung lasst sich durch einfache Anpassung der Prozessparameter wie Zeit, Feldstarke,
Losungsmittelkonzentration usw. leicht verandern. In der Vergangenheit hat sich unsere Gruppe
auf die Optimierung der EPD-Parameter fiir die Abscheidung von PtNP auf 2D-Targets konzentriert.
Diese spharischen NPs mit unterschiedlichen Durchmessern wurden auf Neuroelektroden aufgebracht
und ihr In-vivo-Verhalten liber einen Zeitraum von 3 Wochen untersucht. In dieser Arbeit wurden die
etablierten 2D-EPD-Parameter weiter optimiert, um einen Parametersatz fiir neurale 3D-Elektroden-
Targets zu erhalten, der homogene, submonolagige Ablagerungen erzeugt. Um den Einfluss von
Losungsmitteln auf die Ablagerungen zu untersuchen, wurden Ethanol-Wasser-Gemische zur Dis-
pergierung von PtNPs verwendet, wobei das 30%-ige Ethanol-Wasser-Verhaltnis zu einer 7-fachen
Erhohung der ECSA und einer signifikanten Verringerung von Z fiihrte. Die Untersuchungen wur-
den auch durch die Beschichtung von PtW- und Ptlr-Legierungs-NPs durchgefiihrt, die haufig in
der Basismaterialzusammensetzung Neuroelektroden vorkommen. Im Vergleich zu reinem Pt fiihrte
die Pt90Ir10-Kombination zu einer signifikanten Verringerung des Z. AnschlieBend wurden die mit
PtNP beschichteten Neuroelektroden in den Nucleus subthalamicus von Ratten implantiert & lber 4
Wochen stimuliert. Es wurde festgestellt, dass die PDC-Beschichtungen den Z-Wert in vivo senken &
stabilisieren konnten. SchlieBlich, die Anwendbarkeit von PDC-beschichteten Neuroelektroden in der
Praxis zu untersuchen, wurde eine systematische Priifung ihrer mechanischen Stabilitat durchgefiihrt,
die ihre Eignung fiir klinische Anwendungen bestatigt. Es konnte daher gezeigt werden, dass die
EPD von lasergenerierten PtNPs auf Neuroelektrodenoberflachen ein interessanter und zeitsparender

Ansatz ist, um die Implantatoberflachen effizient zu modifizieren und ihre Leistung zu verbessern.
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1 Introduction

Patients suffering from Parkinson’s disease (PD) are characterized by a range of motor symptoms
such as clinically progressive tremors, bradykinesia, rigidity, disturbances of the synaptic function,
and so on!l. Although there is no 100% cure for this major geriatric disease, the conventional
treatments include the administration of drugs. In this disease, the dopamine levels needed for proper
neurotransmission get depleted and hence do not readily cross the blood-brain barrier. Because of
this, drugs that mimic the functioning of dopamine are administered, such as levodopa or synthetic
dopamines. Levodopa is one of the most commonly administered ones, which gets decarboxylated
into dopamine and works beneficially within the striatum. However, for a visible effect, large amounts
of levodopa have to be administered, which then causes adverse effects once the drug crosses the
blood-brain barrier®. Additionally, long-term administration of levodopa causes severe dyskinesia,
combined with unpredictable periods of loss of mobility. The drugs are also only effective during the
initial diagnosis phase. At the later stages of the disease, increased dosage would be required causing

more undesirable effects for the patients 3l

To bypass the negative effects of drugs in the treatment of PD, deep brain stimulation (DBS) was
introduced. With time, DBS has evolved as an important treatment for PDH . Although thalamic
stimulation was initially predominant, the lack of its effect on other motor symptoms curtailed
its application 2. Nowadays, subthalamic nucleus (STN) stimulation is one of the most popular
application sites for DBS of PD. Numerous studies are showing the advantageous benefits of DBS
for the treatment of PD. DBS was able to improvise an extensive range of PD symptoms including,
but not limited to, dystonia, drug-induced dyskinesia, and motor fluctuations. However, there are
still improvements needed with the electrode quality used for DBS. Essentially, the electrodes that
are being implanted should act as a capacitor to store electric current and thereby avoid local tissue
damage. A smooth-surfaced electrode poses the limitation of having less current flow. If the voltage
is increased to increase the current flow, there is a high risk of tissue damage 18l Therefore, to deliver
higher currents without increasing the voltage, and to make the electrode act as a capacitor, the

electrochemical surface area (ECSA) can be increased by employing surface modifications.

There is a wide range of surface modifications being performed on neural electrodes. To amplify
the functioning of both neural stimulation- and recording-electrodes, surface patterning or coating
is donel. Although nanocoatings based on carbon nanotubes, polymers, silicon, quantum dots,
diamond, etc. are widely investigated, modifying the surfaces using materials that are minimally
different from the base material is much preferred to avoid complications and rejections during
manufacturing and certification 1911l Besides coating, the formation of metal nanostructures on the
surfaces to reduce the impedance is performed, such as nanopillars®2 | nanoflakes™3!, nanorods™4l,
etc. Various methods of surface modifications are in use: nanoscale patterning, vapor deposition,
self-assembly, electrodeposition, electrophoretic deposition, layer-by-layer deposition, etc., that are

reviewed in detail in section [2

Among them, the electrophoretic deposition (EPD) of conductive metal nanoparticles (NPs)

produced by laser ablation in liquids (LAL) is an interesting surface modification method, in which



our working group specializes. EPD is a versatile and low-cost coating technique® in which par-
ticles dispersed in a suspension are coated onto target electrode surfaces under the influence of an
external electric field 8. This colloidal processing technique was discovered as early as the 1800s
but only found its way into industrial processing in the 1990s for ceramic preparation . It requires
a simple experimental setup, with a chamber filled with precursor particles suspended in a liquid.
Two electrodes (working and counter) are inserted into the chamber and connected to the two ends

of the electric field generator 18],

Due to the influence of an applied electric field, the colloidal
particles move toward the working electrode and deposit on them. On the other hand, LAL is a
well-established method for generating NPs, where metal targets can be ablated using high-power
laser beams inside a liquid environment, resulting in pure colloidal NPs without the need for the

addition of ligands™9

To study the EPD of charged metal NPs, our group investigated the electrophoretic mobility
of the laser-generated NPs in water using particle scattering velocimetry. Au and Ptlr NPs were
observed and it was found that the electrophoretic velocity of the particles could be tuned by varying
the electric field strength 29, Further investigations were performed using Ptlr alloy NPs to determine
any changes in their stoichiometry and eventually their potential usage in the surface structuring on
Ptlr neural electrodes. It was observed that upon EPD, the coating and the substrate demonstrated
the same chemical compositions?l. Following, the influence of contact angle? and stabilizer
ligands3 during the EPD of NPs were studied. It was observed that the electrophoretic velocity
and electric field strength had a linear relationship for laser-generated ligand-free NPs, making them

a superior choice for process controlling and scaling!?3!.

Even a continuous direct-current (DC)
EPD process was presented that could produce high deposition throughputsp‘”. After the studies
on fundamentals, there were works on the nanostructuring of neural electrodes by depositing 10
nm and 50 nm sized NPs and performing short-term in vitro and in vivo stimulations in rat models
(in collaboration with the working group of Prof. Krauss/Prof. Schwabe, MHH). It was observed
[25]

that the 10 nm particles produced a stable impedance in vivo To further optimize the coating

procedure on flat 2D substrates, various parameters such as impedance, electric field strength, surface

coverage, ECSA, and surface oxidation were studied 291,

However, when this thesis began, there were still unknowns on the EPD of laser-generated NPs
that were to be addressed, as this working group is the only one focusing on this topic. Previous
works optimized this process for 2D surfaces but not for 3D microelectrode targets. Therefore, there
was an urgent need to deeply probe this technique. This is because, compared to the other existing
methods the EPD is a simple and versatile way to modify electrode surfaces. It can be applied
to any target shape and size using a minimal experimental setup. The simplicity with which the
process parameters can be modified also makes this technique preferable. Furthermore, the coatings
generated by EPD are unique by possessing mechanical stability, in vivo transferability, the material
match between the electrode and the coating, and having no ligand contaminations in the precursors.
Preliminary experiments with coated 3D neural electrodes showed an increased in vitro impedance,
however, in vivo impedance decreased and the values did not fluctuate throughout the testing pe-
riod. A systematic investigation of EPD on 3D targets was missing to find the link between synthesis

parameters, coating process, and electrochemical readouts (both in vitro and in vivo). Therefore in



this thesis, a new set of coating parameters for 3D targets were established by varying the applied
electric field and the solvent compositions. More clinically relevant readouts such as electrochem-
ical impedance spectroscopy (EIS) and cyclic voltammetry (CV) were established. Previously, the
impedance was measured only at a single frequency value (200 Hz). Improvised, well-characterized,
and relatively homogeneous coatings were transferred onto real-time neural microelectrodes and an-
alyzed the long-term in vitro and in vivo impedances through stimulation experiments. Furthermore,
to make this EPD process clinically applicable, the mechanical stability of the produced coatings was
systematically verified to determine their delamination characteristics. The workflow of the thesis is

presented in Figure [I] below.

[ Section 2: State-of-the-Art ]

¥

( Section 3: Influence of Applied Electric Fields on PtNP Deposition and Electrode Impedance \

Deposition of Pt

~@* Question:
— o How does the applied electric field type influence
B f -
v 0%, | heieie | 79 [ 1 the coating homogeneity and performance?
—. &

o
ooa A8, T Method:
@I @: DC- and PDC-EPD of PtNPs were done. Coating
% o NG characteristics and impedance values were

compared. )
: 2

( Section 4: Influence of Solvent Composition on PtNP Deposition and Electrode Impedance \

souspadun

(.
<

Question:

How does the composition of the solvent influence
particle deposition and electrode performance?
Method:

DC-EPD of PtNPs dispersed in ethanol-water
mixtures was performed. Electrochemical properties &

simulations were studied. J
Section 5: Influence of Pt-Alloy NPs on Deposition and Electrode Impedance \
Question:

How does alloying of PtNPs with Ir and W influences

neural electrode properties?

Method:

PDC-EPD of Pt, PtW and Ptlr NPs was performed. Alloy

NP characterization and electrochemical properties of the
coatings were investigated. J

: 2

( Section 6: In vivo behaviour of the PDC EPD coated Neural Electrodes \

- i |

Q' tion:

How does the PDC EPD of PtNPs perform at
time-resolved in vitro and in vivo over 4
weeks?

Method:

Neural electrodes PDC-coated with PtNPs

were implanted in rats. Long-term in vitro and

[ Section 7: Mechanical Stability of EPD-generated Nano-Coatings \
Question:
}iz Are EPD-generated NP coatings mechanically stable?
i Method:

PDC-coated neural electrodes tested for delamination
in vitro and in vivo. Platinum levels quantified in
explanted brain sections.

Least impedance Biodispersed platinum was 4-fold
\ increase in vitro lower than literature values. )

Figure 1: Workflow diagram of the thesis. The influence of the applied electric field, solvent com-
position, and coating materials on neural electrode properties was systematically studied. Clinical

applicability was investigated through in vivo implantation and mechanical stability studies.



Upon discussing the state-of-the-art in section [2| the above-mentioned objectives of this thesis
are discussed in detailed topics as below. Section [3] shows a systematic investigation of the EPD
process performed on 3D neural electrodes, by comparing DC and PDC fields. The ligand-free
colloidal PtNPs generated by LAL and LFL with a narrow size distribution averaging a diameter
of 10 nm were used. The mass of NPs deposited on the wire samples was determined using UV-
Vis extinction spectroscopy, and the topography of the coated surfaces was examined using SEM.
Numerical simulations (in collaboration with the working group of Dr. Giera, LLNL) were performed
to determine the overlapping behavior of NPs in each of the applied fields and finally, the impedances
(in collaboration with the working group of Prof. Krauss/Prof. Schwabe, MHH) of DC- and PDC-

coated electrodes were compared.

In section[4} the influence of the solvent composition used during EPD on the deposition behavior
of NPs was studied. The laser-generated PtNPs which were ablated in Milli-Q water were mixed
with increasing concentrations of ethanol, from 30% to 90% in steps of 10%. These NPs in ethanol-
water mixtures were coated onto electrode wire surfaces using DC-EPD. Using numerical simulations
(in collaboration with the working group of Dr. Giera, LLNL), the coordination numbers for each
variant were determined and they were correlated to their surface coverage properties. The ECSA
and CSC values of the variants were determined using electrochemical measurements. Finally using

EIS measurements, the impedances of the samples were measured.

Section [5] details the influence of Pt-based alloy NPs on the neural impedance reduction upon
depositing them onto electrode surfaces. The neural electrodes were coated using Pt-, PtO0W10-,
Pt50W50-, and Pt901r10 NPs. The surface topography was analyzed using SEM. The electrochemical
parameters such as ECSA and capacitance were measured using cyclic voltammetry (CV) and the
electrode impedance was measured using electrochemical impedance spectroscopy (EIS). Pt90Ir10
was found to be the best among the tested alloy combinations to increase the ECSA and thereby

significantly decrease the electrode impedance.

In section [6] the long-term in vitro and in vivo stimulation of PtNP-coated electrodes was
performed in rat models (in collaboration with the working group of Prof. Krauss/Prof. Schwabe,
MHH), and the influence of surface modification on the electrode behavior was studied. For in vivo
testing, the coated and reference electrodes were implanted into the STN of rat models. As controls,
uncoated samples, and samples immersed in NP colloids without the application of an external electric
field were considered. PDC-coated neural electrodes were able to decrease impedance in vitro, and

the in vivo impedance remained stable throughout the 4-week stimulation period.

Finally, in section [7} the mechanical stability of the nano-coatings in both in vitro and in
vivo environments was investigated. After challenging the coated samples with mechanical stresses
generated from simulated brain environments, adhesion, and ultrasonication, their electrochemical
parameters such as ECSA, capacitance, and impedance were measured as mentioned before, and
compared to the uncoated/untreated controls to understand how stable the EPD coatings are in
subject to the stresses that might occur clinically. In simulated brain environments, there was very
little delamination of the coatings and the impedance of the electrode remained highly unaffected.

The unrealistic harsh stresses created by the adhesion test or ultrasonication were able to delaminate



the coatings thereby significantly increasing the electrode impedance. Additionally, the levels of
PtNP remains in the explanted brain sections were highly below any relevant toxicological limits
(in collaboration with the working group of Prof. Karst, University of Miinster). This section

demonstrates the clinical applicability of PtNP EPD coatings on neural electrode surfaces.



2 State of the Art

Unpublished review article under preparation:

A State-of-the-Art Review on Neural Electrode Nano-Coatings
Vaijayanthi Ramesh!, Christoph Rehbock! and Stephan Barcikowski®:*

! Institute of Technical Chemistry |, University of Duisburg-Essen and Center for Nanointegration Duisburg-Essen

(CENIDE), Essen, Germany
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Summary:

A detailed introduction to this doctoral work is provided in the previous section. The major
objective of this thesis is to develop 3D EPD parameters for coating laser-generated nanoparticles
onto neural microelectrode surfaces, and thereby influence their in vitro and in vivo impedances. In
the forthcoming section, the state-of-the-art review of the various nano-coating techniques performed
on neural electrode surfaces with the aid of electric current, vacuum, patterning, and layer-by-layer

depositions is presented.
Author Contributions:

Design, literature research, illustrations, and writing of the review were done by VR. CR and SB

supervised and obtained funding for the work.



A State-of-the-Art Review on Neural Electrode

Nano-Coatings

Vaijayanthi Ramesh!, Christoph Rehbock! and Stephan Barcikowski'*

L Technical Chemistry I, University of Duisburg-Essen and Center for Nanointegration Duisburg-Essen

(CENIDE), Universitaetsstr. 7, 45141 Essen, Germany.

Abstract

Neural electrodes are chronically implanted for the purpose of stimulation and recording of
brain activity for treating various neurological disorders. Among others, the increase in impedance
with time hinders the implant’s efficiency in delivering electric currents. If the current provided
is increased to lower the impedance, it could lead to necrosis and consequently become unsafe
for the patients. Additionally, scar tissue formations around the implant surface could lead to
implant rejection. Therefore, researchers have established surface modification techniques to
improve biocompatibility and for better transfer of electric currents. In this paper, the types
of nanocoating methods available for neural electrode surface modifications will be reviewed in

terms of their effectiveness and room for improvement.

1 Introduction

Neural electrodes are frequently used for the modulation of neuronal activities in order to alleviate the
symptoms of various diseases!!. Neural implants are increasingly used for auditory treatments(23,
deep brain stimulation[*5 visual prosthesis’l, functional electrical stimulation of spinal cord!®!
and many more. Various materials are being employed for manufacturing these electrodes, including
metal microwires, MEMS-based silicon, nanomaterials, conductive polymers, and carbon-based ma-
terials!®l. Conventional neural electrodes are made of metals such as platinum (Pt), gold (Au), or

[10.11] * Among them, Pt is historically known to

[10,12]

platinum-iridium (Ptlr) that are highly biocompatible

be the preferred material for fabricating neural prostheses because of its excellent electrochem-

(131 From the biomedical perspective, Pt is preferred

[14,15]

ical stability and corrosion resistance properties
due to its inert nature towards biological environments With developing technological advance-
ments in the field of neuroprosthesis, the world is moving towards implant miniaturization [16:17.18.19]
However, such miniaturization is difficult to achieve using pure metallic substrates such as Pt, as it
has an electrochemical charge injection capacity (CIC) of only 20-150 pC/cm?[2%21 This CIC is
inadequate for a high-density safe charge injection at therapeutic levels. To overcome such difficul-
ties, geometrically small-sized electrodes with high electrochemical surface area (ECSA) are desired.
Therefore, researchers investigated surface modifications on neural electrode surfaces in order to

improve the electrode’s electrochemical properties.

Miniaturized neural implants were found to have numerous advantages among which is the

flexibility to probe neuronal activity either from the peripheral nerves or from neurons deep inside



the brainl?2. These neural implants can be used for recording neuronal activities or stimulating
the deep brain for the treatment of various applications such as in the treatment of epilepsy and
Parkinson's, in brain-machine interfaces, or for restoration of hearing, vision, walking, and grasping
abilities. In addition, the smaller the sizes of neural implants are, the lesser their foreign body response
and implant rejection after the procedure!*?l. However, as the impedance (Z) of the electrodes is
inversely proportional to the geometrical surface area (GSA), there is a great practical difficulty in
applying smaller-sized electrodes. On the other hand, larger-sized electrodes possess high Z levels
which do not help in safe neural stimulation, as high potentials exceeding the safe voltage limits
of the tissues would be required to adequately stimulate the neurons. However, by roughening the
surfaces of small-sized electrodes, the Z problem could be overcome. For about two decades, there
have been various studies carried out on the electrochemical surface modifications of implantable
electrdoes!?3l. With advancements in nanotechnology, the recent trend towards surface structuring

is at the nanoscale level, which proves to enclose great potential inside it.
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Figure 1: Schematic diagram showing neural electrode nanocoating methods

To date, many reviews have been published from around the world on state-of-the-art neu-
ral electrode surface modifications. A review of neural recording electrode types, current trends in
recording, and technical challenges is presented by Patil and Thakor[24l. A review on nanomaterials
and nanotechnology to improve electrode-tissue compatibility and biological tolerance is provided by
Scaini and Ballerini[?®!. Neural interface challenges and the nanomaterials used for neural electrodes
are reviewed by Fairfield[26]. The current state of neural interfacing, the use of nanomaterials, and
nanocolloids for biocompatibility and nanostructuring are reviewed by Timko et all®3]. Systemically
delivered nanoparticle coatings and blood-brain barrier interfacing are reviewed by Young et all27].
Nanomaterials, nanostructured devices, and implanted devices for better neural interfacing are re-
28]

viewed by Zeng et al Current status of biomaterials for neural tissue interfacing, technology for



electrode fabrication and nanomaterials used for neural electrodes are reviewed by Wang et al[29.
Finally, Argueta-Robles et al. have published a review on organic coatings for neural interfaces and
tissue engineering[ll. However, to our knowledge, there are no reviews published exclusively on the
nanoscale coating methods used for modifying the electrode surfaces. The aim of this review is to
provide a state-of-the-art compilation of current methodologies to generate nanocoatings on neural
electrode surfaces to improve their performance efficiencies. Figure 1 shows an overview schematic
representation of this review. The literature search was mainly carried out on the platforms of Google
Scholar and Web of Science by using keywords such as “neural electrode coating”, “nanocoating neu-
ral electrode”, “electrodeposition neural electrodes nano”, “vapor deposition neural electrodes nano”,
etc. The review discusses nanoscale coating methods performed on neural electrodes and is divided
into four sections on the basis of how the coatings are produced: via electric current, via vacuum,
via nanoscale patterning, and via layer-by-layer. Finally, we present our views on the future prospects

in the field of neural electrode coatings.

2 Nano-Coatings aided by Electric Current

Due to advances in nanotechnology, biomaterials, and biomedical technology, various electric current-
based nano-coatings and structuring on neural electrode surfaces are performed to improve their
electrochemical properties3%. Nanoscale coatings developed with the help of electric current are
low-cost and eco-friendly methods to produce a variety of 2D and 3D surface depositions. The tech-

niques can be broadly classified into two variants: electrodeposition and electrophoretic deposition
(EPD) 31,
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Figure 2: Schematic representation of (a) Electrodeposition and (b) Electrophoretic deposition!32].

2.1 Electrodeposition

The electrochemical phenomena associated with the reduction or deposition of electroactive sub-
stances onto the cathode surfaces form the basic principle of the electrodeposition method 30331,
Generally, the electrodeposition process consists of an electrochemical cell inside which a conductive
substrate is used as a working electrode, a Pt wire as a counter electrode, and Ag/AgCl or saturated

calomel electrode (SCE) serves as the reference electrode (Figure 2a). The cell is filled with the



desired precursor solution to be deposited and the deposition occurs due to chemical bonding[34. In
literature, this coating method is synonymously referred to using various terms, such as electroplating,

electrochemical deposition, electrochemical polymerization, etc.
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Figure 3: Neural electrode nano-coatings using Electrodeposition: (a) SEM images of conical-shaped
microelectrodes coated with Pt Nanograss (scale bar: 500 nm), (b) Impedance spectra showing
electrochemical stability of (a)[?2 (c) SEM image (scale bar: 500 nm), (d) impedance spectra and
(e) B-I1l tubulin-stained PC12 cells (scale bar: 100 zm) on electrodeposited PEDOT:CNT films!3%],
(f) SEM images of Au nanopillars on neural microelectrodes showing morphology (scale bar: 2 um)
and (g) cell adhesion (scale bar: 5 um)[B® (h) SEM image of electrodeposited Pt nanorods (scale
bar: 2 pum) 37,

Briiggemann et al. developed gold nanopillars using the template-assisted electrodeposition
technique. The gold nanopillars produced were around 300-400 nm in height, and 60 nm in diameter
and were freestanding. After surface modification, neuronal signal recordings performed on cultured
live HL-1 cells demonstrated enhanced SNR and low Z[38]. Boehler and co-workers published several
works on electrochemical modification of the surfaces of neural microelectrodes using nanostructured
platinum. In 2015, using a simple electrodeposition process, they developed Pt nanograss coatings
on smooth Pt microelectrodes which substantially increased the ECSA and lowered the Z by a factor
of 60 compared to the unmodified counterparts!39. In 2017, they investigated the mechanical and
electrochemical stability of their nanocoatings by inducing mechanical stress due to insertion in

neural tissue and by performing long-term stimulation by applying over 240 million biphasic pulses.
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As a result, they demonstrated exceptional mechanical and electrochemical stability of these nanoPt

[40] . In 2020, they further optimized the nanoPt coating process and additionally investigated

coatings
the coating's in vitro and in vivo behaviors. When the SH-SY5Y cell line was cultured on the nanoPt
coatings, they showed cell proliferation, and no signs of cell death were observed. After 5-week
implantation in mouse models, the coatings could produce high-quality recordings with high SNR

2]

(which directly relates to a low Z) and further the durability of the coatings in vivo In another

study gold nanoflakes were produced on microelectrode arrays by electrodeposition, demonstrating

lower Z and improved cell-chip coupling[*!]

Tan et al. produced ultra-thin nanoporous gold films
on neural microelectrode surfaces via electrodeposition and these surfaces were found to be highly

biocompatible by aiding the growth of microglia cells[*2.

With the aim of making inorganic surfaces more biocompatible and thereby reducing the possibil-
ity of implant rejection, polymer nanocomposites are also increasingly studied. Zhou et al. deposited
multi-walled carbon nanotubes (CNT) and poly(3,4-ethylenedioxythiophene) (PEDOT) nanocom-
posite coatings via electrodeposition on neural electrode surfaces and observed an enhancement in
their electrochemical properties and an increase in cell adhesion and neurite outgrowth 3. Similarly,
when PEDOT/CNT coatings were electrodeposited on Pt microelectrodes, the Z values decreased
both in vitro and in vivo. There was significantly less neuronal cell damage and the inflammatory
response of the cells was also found to be lowered [*3]. Even though Pt black coatings were commonly
agreed to be undesired for neural electrode coatings due to toxicity, delamination, etc., the nano Pt
black coatings developed by electrodeposition for treating facial paralysis were found to be superior
to Pt black in morphology, functionality, electrical excitation of the orbicularis oculi muscle and

mechanical stability [44]

. Figure 3 shows representative nanocoatings performed via electrodeposition
and Table 1 shows a consolidated list of studies utilizing electrodeposition as a coating technique
for neural electrode nanocoatings. As mentioned before, the electrodeposition range of techniques is
the most commonly used way to produce nanocoatings on neural electrode surfaces to date. Since
the method is highly versatile, multiple studies on coating electrode surfaces for various other appli-
cations including the treatment of facial paralysis/*¥, recording of striatal dopamine levels!3], soft
electronics®l etc. have been published. However, the main drawback of this method is that only
conductive precursors (organic or inorganic) can be used for depositions, narrowing the possibility of

developing novel materials.

2.2 Electrophoretic Deposition

EPD is a colloidal processing technique, initially performed on depositing ceramic particles on sub-
strates, which quickly spread onto depositing various materials. In this method, colloidal particles
dispersed in a liquid migrate towards an oppositely charged electrode and get deposited there, in
the presence of an electric field (Figure 2b). EPD was first observed by a Russian scientist called
Ruess in 1808 when he saw movements of clay particles dispersed in water when the electric field was
applied. However, a proper practical application was carried out only in 1933 by depositing thoria
particles on a platinum electron beam cathode[*”). EPD is generally categorized into two types:

cathodic and anodic EPD, based on the electrode on which the deposition is targeted (Figure 4a).
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In cathodic EPD the particles are positively charged, and in anodic EPD the particles are negatively
charged. The major advantages of EPD include, but are not limited to, short processing times, the
requirement of simple apparatus, the possibility to apply various target shapes and sizes, etc. The

method also offers easy control of the deposit morphology by adjusting the electric field potential or

o[47,48]

the deposition tim Generally, the EPD process is influenced by its suspension parameters and

physical parameters (like the electric field, time, etc.). As suspension parameters, the particle size,

[49,50,51,52]

conductivity, viscosity, zeta potential, etc. play a major role As physical parameters, the

deposition rate, applied voltage, and suspension concentration are deemed important [33:54:47]
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Figure 4. Neural electrode nano-coatings using EPD: (a) Schematic representation of two EPD
types!”], (b) Schematic representation of NP generation using LAL mechanism!®], (c,d,e) SEM
image, impedance values and immunohistological analysis of PtNP-coated Ptlr microelectrodes in
rat models[®!, and (f.g) Flexible microelectrode array electrophoretically coated using multi-walled

CNTs showing the coating morphology 7.

Although EPD is famous in ceramics processing, in the last decade it has begun to see its
applications in the nanostructuring of neural electrode surfaces. For example, ligand-free colloidal
NPs that are produced by a well-established laser processing technique called laser ablation in liquids
(LAL) have been frequently electrophoretically deposited onto neural electrode surfaces to modify

their electrochemical properties. In LAL, a metal precursor target is placed inside a liquid environment
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and ablated via pulsed laser beams[®8]. The generated NPs are partially oxidized on their surfaces,
and hence have a negative surface charge. These negatively charged particles repel each other,
automatically forming a stable colloid®9!, eliminating the need for the addition of external stabilizing

ligands![60]

. In principle, when a laser beam interacts with the metal target in a liquid environment,
a plasma plume is formed (typically for tens of ns up to few us), containing the ablated particles [55],
The plasma plume grows in size, inducing a shockwave into the surrounding liquid leading to the
formation of a cavitation bubble. This bubble expands and subsequently collapses dispersing the
generated NPs into the liquid [55:58] (Figure 4b). However, the exact mechanism of particle formation

61,55.62] ' Barcikowski and co-

in LAL is still under investigation and it is not the focus of this work!|
workers focussed their research on the EPD of laser-generated NPs onto neural electrode surfaces
with the aim of reducing the electrode impedance via nanostructuring. After investigating the
fundamentals of these charged NPs on EPD, they performed coatings on neural microsized electrodes
to study the tuning of electrochemical properties. They determined the proportional relationship
between electrophoretic mobility of Au- and Ptlr-NPs and applied electric field strength[®3]. The
chemical composition of the developed coating remained unchanged even when coated with Ptlr
alloy NPs on Ptlr electrode substrates®. The influence of ligands!®3 and contact angle[®] on
the electrode performance was further investigated and found that the presence of ligands in the
suspension decreased the deposition rate due to shielding effects and that the contact angle was
inversely proportional to the field strength and deposition time. One of the main advantages of such
a linear correlation between electrophoretic mobility and field strength is the ability to better scale
the process using ligand-free NPs. They were also able to establish continuous EPD chambers for
high throughput[®8 and optimize the EPD parameters using 2D surfaces by correlating the major
neural electrode parameters such as impedance, ECSA, surface oxidation, and contact angle[.
Furthermore, the EPD of laser-generated PtNPs (10 nm and 50 nm sizes) was performed on real-
time 3D neural microelectrodes. These coated electrodes were tested for impedance performance in
short-term both in vitro (in saline solution) and in vivo (implanting the electrodes in the STN of
rat models). Upon stimulation, they found that the 10 nm sized PtNPs were able to achieve stable
in vivo impedances in comparison to the 50 nm sized particles and uncoated electrodes[®!. A few
other research groups are also starting to investigate this coating technique at nanoscale levels. For
example, Winkin et al. performed EPD of multi-walled CNTs on flexible microelectrode arrays for
increasing their ECSA and charge transfer capacities®’]. The application of EPD for nanostructuring

neural electrode surfaces is a relatively new area that is slowly gaining interest among researchers.
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Table 1: List of neural electrode surface modification studies

with the aid of electric current

Type

Application Reported functionality

enhancement

Electrodeposition

Gold nanoflakes[41]

Gold nanograins[%°]

PEDOT:PPy

nanotubes![67]

amino-functionalized
CNTslo8l

PEDOT:PSS: CNT

nanocomposite [69]

CNT:PPy

nanocomposite [70]

Gold NPs[#]
Gold nanopillars!3°]
AuPt NPs![71]
TiO3:Au nanowires!40]
Pt nanograss 3%
NanoPt[40]

NanoPt[22]

Au nanopillars 3]

Neural stimulation & low Z, high cell-chip coupling

recording electrodes

Neuroelectronic interfaces low Z, low RMS noise, ideal CIC

Neural stimulation low Z, high CSC, no delamination,

microelectrodes intact dorsal root ganglions

91% low Z, high CSC, high CIC,
high electrochemical stability

Neural stimulation

microelectrodes

Neural recording increases recording stability over

microelectrodes time

Neural recording significantly low Z and high SNR

microelectrodes

Striatal dopamine recording increased recording quality

electrodes

Neural stimulation & low Z, high neuronal adhesion

recording electrodes

low Z, low background noise, high
SNR

Neural recording

microelectrodes

stretchable neural recording high density chronic neural

electrode recording

Neural stimulation high ECSA, 60x low Z

microelectrode

Neural stimulation high mechanical and

microelectrode electrochemical stability

Neural stimulation high in vitro and in vivo

microelectrodes biocompatibility

Neural recording electrodes high SNR, low Z
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Nanoporous Au films[42]

CNT:PEDOT 38

PEDOT:CNT43l

Nano Pt-black[44]

Pt nanorods!37]

Au nanowires[72l

CNTsl73]

DCDPGYIGSR: PPyl[74]

PEDOT:PSS!™

PEDOT:CNTI70]

FeNi microactuators[7”]

Neural stimulation &

recording microelectrode

Neural stimulation &

recording electrode

Neural stimulation

microelectrodes

Facial paralysis stimulation

microelectrode

Neural recording electrode

Electrochemical electrodes

Neural stimulation

electrode

Neural recording probes

Neural recording electrodes

Electrocorticogram

microelectrode

flexible magnetic

microelectrodes

high biocompatibility

high performance, high
biocompatibility

low Z in vitro and in vivo, low

inflammatory response

high performance, high stability

high biocompatibility, record
broadband of neuronal signals,
high SNR

high CSC, high ECSA, high

capacitance

low Z, high charge transfer

high in vivo recording

performance

high SNR, high long-term
biocompatibility

high ECSA, low Z, high

conductivity

minimal neuronal cell loss, great

promise for electrical interfacing

EPD

AuNPs & Ptlr NPs[63]

Ptlr NPs[04]

PtNPs 56l

Neural stimulation

electrodes

Neural stimulation

electrodes

Neural stimulation

electrodes
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potential applicability for
enhancing neural electrode

properties

matching chemical composition
between coating and base

material aiding biocompatibility

low Z in vitro, stable in vivo

impedance with 10 nm particles



PtNPs[%9 Neural stimulation and Optimized EPD parameters to

recording electrodes select desirable electrochemical
outputs
CNTs[7] flexible stimulation enhanced ECSA and charge
microelectrode arrays transfer capacity
PtNPs[78l Neural stimulation and in vitro impedance reduction due
recording electrodes to electric field influence
PtNPs[79 Neural stimulation and in vitro impedance reduction due
recording electrodes to solvent influence
PtNPs[80] Neural stimulation and improved mechanical stability in
recording electrodes vitro and in vivo

3 Nano-Coatings aided by Vacuum

Vapor deposition is a coating technique in which materials in a vapor state undergo condensation,
chemical reaction, or conversion to form a solid thin layer over a substrate[8!. The most common
form of vapor deposition extensively researched to improve neural electrode surface properties is
chemical vapor deposition (CVD). One variant of CVD is the atomic layer deposition (ALD), where
gaseous precursors are introduced into the reaction chamber to enable depositions via chemical

surface reactions82 is also sometimes applied.

In CVD, a solid material is deposited from a vapor via chemical reactions occurring on or near a
normally heated substrate. Microfabrication processes widely use CVD to deposit materials in various
forms. Here, the material to be deposited is in vapor form that is allowed to react or decompose
on the substrate in a vacuum chamber under elevated temperatures(®3]. Ansaldo et. al performed
in situ deposition of carbon nanotubes (CNTs) on microelectrodes via CVD. It was shown that the
CVD-CNT-coated microelectrodes remained stable in their electrochemical properties even after 1
year of storage, proving to be a good choice for long-term implantation. Additionally, they were also
able to record single unit neural signal (8. Low-temperature CVD was experimented with to directly
synthesize CNTs on flexible electrode substrates and was found to decrease the electrode impedance
and improve the charge injection capacity, additionally showing in vitro biocompatibility for a period
of 16 days (8],

Besides CNTs, the CVD method is also employed for depositing polymers onto neural electrode
surfaces. O'Shaughnessy et al. deposited thin films of polytrivinyltrimethylcyclotrisiloxane (p(V3D3))
via initiated CVD on neural probes and observed no degradation for over 2.5 years under stimulated
implant conditions[®!. Plasma-enhanced CVD was used to produce titanium nitride nanowires at
low temperatures, which possessed high capacitance indicating an increase in the ECSA and good

electrochemical stability[87). In situ, fluffy growth of CNTs was produced on microelectrode surfaces
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using CVD to obtain a significant reduction in the microelectrode impedance and their charge transfer
capacity[88]. In addition, various nanoscale pillars, arrays, sheets, wires, etc. were deposited via CVD
onto electrode surfaces to improve their performance. One study even investigated the nanoporous
gold surfaces formed via ALD on neural electrodes to improve the neuron-electrode coupling, increase
neuronal surface coverage, and decrease the scar tissue formation[®. Most of the above studies
generally demonstrate an inclination towards using simple, fast, and less harsh processing steps of
the precursors for modifying the implant surfaces. Figure 5 shows exemplary images of nano-coatings
developed using CVD on neural electrode surfaces and Table 2 provides a list of investigations carried

out using CVD or its variant, ALD.
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Figure 5: Neural electrode nano-coatings using CVD: (a) SEM images of microelectrodes coated with
CNTs84 (Inset showing a magnified image of the tip; scale bar: 20 zm). (b) SEM images of titanium
dioxide nanorods grown at low temperatures [87] (Inset image showing different nucleation layers; scale
bar: 2 um). (c,d) CNT coatings at different magnifications developed on the tips of intracortical
neural recording electrodes(®® (scale bars: 10 um and 1 um, respectively). (e) Electrochemical
impedance spectra of CNT-coated electrode from (c), showing least impedance after CVD-CNT
coating 88

Table 2: List of implantable electrode surface modifications us-

ing CVD technique

Type Application Reported functionality
enhancement
CNTI84 Neural recording long shelf-life, record single unit
microelectrodes neural signal
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4

Extensive research has been carried out in studying the electrode performance and biocompatibility
characteristics of neural electrodes by forming patterns on their surfaces. These patterns can be
formed either via physical or chemical means. Physical methods involve topographical patterning

using well-known lithography techniques or creating surface roughness using plasma. The two main

CNTI89]

Thin p(V3D3) films[80]

TiN nanowires![87]

Fluffy CNT [88]

CNT nanopillars[®

Vertically-aligned CNF

arrays[®1l

CNT sheets and
yarns[92]

Vertically-aligned

CNF 93]
Si nanowires (%4

Si nanowires (%]

Nitrogen-doped
nanocrystalline

diamond [9¢]

Nanoporous Au 89

flexible stimulation

electrodes

Neural stimulation

electrodes

Neural stimulation

electrodes

Neural stimulation

microelectrodes

Neural stimulation

electrodes

Neural stimulation

electrodes

Neural stimulation &
recording electrode
Neural recording electrodes
Neural stimulation

electrodes

Implantable electrodes

Retinal prosthesis

Neural stimulation

electrodes

Nano-Coatings aided by Patterning
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low Z, high CIC, high in vitro
biocompatibility

long-term stability

high capacitance, high ECSA,

high electrochemical stability

significantly low Z, high charge

transfer capacity

high CIC

low Z, high biocompatibility and

mechanical stability

high biocompatibility with
increased neuronal growth and

fibroblast migration

enable dual-mode recording, high

spatial resolution

enables delivery of biomolecules to

guide neuronal progenitor growth

potential tool for studying intra-
and intercellular biological

processes

high performance, non-cytotoxic

high neuron-electrode coupling,

low scar tissue formation



lithography techniques used to create nanocoatings on neural electrodes are photolithography and
electron beam lithography. Photolithography is a process of generating patterns using photoresists
that achieves high product resolution and also produces a variety of intricate planar designs!97].
Electron beam lithography generates nanoscale patterns by directly writing on resist layers with

[98]

focused electron beams!®°l. On the other hand, chemical patterning usually involves the self-assembly

of monolayers, directly grown patterns, etc.

Ryu et al. fabricated ZnO nanowires by hydrothermally growing them on 3D neural micro-
electrode surfaces. The electrode array was flexible which due to the nanowire patterning showed
increased ECSA, flexibility, and neural signal transduction efficiency. Upon in vivo signal recording,
the modified electrodes showed high SNR and a significant reduction in electrical interference noise

[09]

harmonics proving their efficiencies in both recording and stimulation capabilities In order to

study the cell proliferation and attachment of neuronal cells on electrode surfaces various chemical

[100] 101,102,103] oligoethy-

patterning has been carried out using hydrocarbons , polyethylene glycol!
lene glycol[102:103.104] 5nd mannitol195]. These patternings have been proven useful in cell inhibition
immediately after implantation to reduce or avoid implant rejection due to scar formations. On
the other hand, hydrophilic cell adhesive coatings were also produced using chemical patterns by
depositing polylysine[190:107] " |aminin[198] collagen (199 and so on. Such chemical patterns guided
the growth of neurons. Wyart et al. patterned cell-adhesive polylysine on which the neurite growth
was guided 1971 It was observed that the neurons were viable up to 17 days and both inhibitory
and excitatory neurons were interconnectedly present with functional synapses. Au nanowires were
produced on neural electrode surfaces by evaporation-induced self-assembly, inducing cell growth

along the direction of the nanowires!!19],
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Self-assembly Electron Beam Lithography Photolithography
” @ (c)

Figure 6: Neural electrode nano-structuring via patterning: (a,b) SEM images of bundled assembly of
Ag nanowires and growth of neuronal cell on it (scale bars: 500 nm and 5 pm, respectively) 11 (c,d)
SEM images of ring-shaped Pt nanopillars produced on microelectrode substrates using EBL showing
the directional growth of neuron around the pattern (scale bars: 2 um and 5 um, respectively) [111]
(e,f) Nanocrystalline diamond arrays produced using photolithography to aid directional growth of

neuronal cells (scale bars: 5 um and 10 pum, respectively) 112,

On the other hand, physical patterning focuses more on patterning of the electrode topogra-
phy to enable surface roughness thereby promoting enhanced performances. Free-standing vertically
aligned CNF arrays were produced to create a brush-like matrix for neuronal cell growth. These
nanopatterned arrays demonstrated a highly potential system for localized stimulation and neuro-

(1131 Dalby and co-workers produced regularly patterned nano pits using electron beam

modulation
lithography (EBL) on silica [114] and PMMAI[15] substrates and observed that in comparison to the
plain unpatterned substrates, the patterned counterparts allowed the downregulation of cell adhesion,
which might later influence in the scar tissue formation. In another study, PEDOT and PPy polymer
materials were assembled on polystyrene substrates to form aligned nanofibres demonstrating higher
electrochemical stability than the ones without PEDOT[16]. Flexible Au nanorods were produced
using photolithography on microelectrode surfaces, which lowered the Z by 25 times[!17]. Nanoscale
surface roughness was created on neural interfaces using plasma treatments, to lower Z, increase the
SNR, and recording quality*18]. Vertical Pt nanopillars were produced on electrode surfaces via EBL
for pinning the neuron to place and improving their growth 1. Not only neural electrodes but also
cochlear implant surfaces were modified via photolithography using nanocrystalline diamonds 112,
The study demonstrated that the human and murine inner-ear ganglion neurites and neural progen-
itor cells attached to the patterned surfaces without the need for extracellular matrix coatings. It
[112]

increased cell adhesion and growth along the nail-head-shaped pillars in an orderly manner Fig-
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ure 6 shows a few neural electrode surfaces modified using nanoscale patterning and Table 3 enlists

surface modifications performed on implant surfaces via patterning.

Table 3:

nanoscale patterning

List of implant surface modification studies via

Type

Application

Reported functionality

enhancement

Self-assembly

ZnO nanowires [

Cell-adhesive

polylysine [106.107]

Au nanowires[110]

Nanoporous Au
films[119]

Vertical Si

nanowires[120]

Vertically aligned
CNF 123l

PEDOT:PPy

nanofibres[116]

Neural recording electrodes

Neural stimulation

electrodes

Neural stimulation

electrodes

Neural recording electrodes

Neural stimulation

electrodes

Neural stimulation

electrode

Neural stimulation

electrodes

high ECSA, high SNR, flexibility,

efficient signal transduction

high biocompatibility

induced cell growth

low Z, high SNR

improved cell adhesion,
proliferation & electrical

properties

localized stimulation and

neuromodulation

high electrochemical stability

Plasma exfoliation

Nanoroughness[118]

Graphene oxide

Neural recording electrodes

Neural stimulation

low Z, high SNR

inert neuron-interfacing

nanoroughness[121] electrodes modification
EBL
Nanopits [114.115] Neural stimulation low cell adhesion and scar tissue
electrodes formation
Verticle Pt Neural stimulation ordered growth of neurons
nanopillars[111] electrodes
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122]

Nanowires! Neural recording electrodes robust electronic properties,

real-time monitoring
GaP nanowires[123] Neural recording electrode high quality in vitro recording

Si nanowires!124] Neural stimulation & scalable stimulation and recording

recording electrodes

Photolithography

Flexible Au Neural stimulation 25x low Z
nanorods[117] microelectrodes
Nanocrystalline Cochlear implants increased cell growth
diamonds[112]

5 Nano-Coatings aided by Multilayer Depositions

Layer-by-Layer (LbL) techniques are considered to be universally applicable for depositing a spectrum
of materials on substrates for various applications. LbL generates ultrathin films on solid supports
by alternate exposure to positive and negative species with spontaneous deposition of the oppositely

charged ions125].

LbL utilizes mild operating conditions, a simple experimental setup, and in spite
provides a high degree of structural control over the depositions produced. It facilitates combining
organic and inorganic materials for coating and helps to accurately control the coating thickness
by simply adjusting the number of layers deposited. LbL is considered to be a versatile method to
produce multifunctional coatings at nanoscale level[126]. Many times, neural electrode surfaces were
found to be modified using the LbL technique to improve their surface properties. Zhang et al.
demonstrated that the LbL assembly of gold nanoparticles (AuNPs) on microelectrodes produced a
more than a three-fold reduction in impedance and an order-of-magnitude increase in charge stor-
age capacity['?7. Jan and co-workers employed in LbL of multi-walled CNTs128] and single-walled
CNTs[129 to improve the neural electrode biocompatibility. Using multi-walled CNTs, they were able
to deposit CNTs in conjunction with polyelectrolytes in nanometer thickness and found that the LbL
CNT-polyelectrolyte coating competes with traditional coatings in terms of the electrode’s electro-
chemical properties!28]. CNTs are known to behave as supercapacitors[!30131] which became an
added advantage for their depositions. When single-walled CNTs were deposited with polyelectrolytes
via LbL, the mouse embryonic neural stem cells readily differentiated into neurons, astrocytes, and
oligodendrocytes indicating high biocompatibility[12%]. Single-walled CNTs were also deposited via
LbL to improve the electrical conductivity of neural electrodes and to stimulate excitable neuronal

cells[132]

Figure 7 shows a few neural electrode surfaces modified using nanoscale LbL and Table 4
enlists surface modifications performed on implant surfaces via LbL. Although LbL is considered ver-
satile, for nanocoatings on neural electrode surfaces mainly CNTs and very few nanoparticles have

been investigated so far.
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Figure 7: Neural electrode nano-structuring via LbL: (a) SEM images of AuNP LbL (scale bar: 200
nm) 1271 (b) SEM image of PEDOT:CNT LbL (scale bar: 500 nm)[*28].

Table 4: List of implant surface modification studies via Layer-

by-Layer depositions

Type

Application

Advantages

AuNPs[127]

PEM:Multi-walled
CNT 228l

PEM:Single-walled
CNT 2

PEM:Single-walled
CNT 232

6 Conclusion and Future Perspectives

Neural stimulation

microelectrodes

Neural stimulation

electrodes

Neural stimulation

electrodes

Neural stimulation

electrodes

3x reduced Z, high CSC

high electrochemical properties

high biocompatibility

high conductivity and stimulation

capability

Using implantable neural electrodes for stimulation and recording of neuronal activity is a common

way of intervention towards symptom-relieving treatments of numerous neurological disorders. In or-

der to enhance therapeutic efficiency, these miniaturized electrodes are increasingly modified on their

surfaces using biocompatible nanomaterials. For such coating purposes, a few of the conventional

industrial coating methods have been adapted in research. In Table 5, an overview of the comparison

of different coating techniques is presented.
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Table 5: Comparison of the different Nano-coating Methods

Coating Reproducibility Structural  Functionality = Potential Real-world

Method flexibility enhance- scalability transfer-
ment ability
Electrodeposition High High High High High
EPD of NPs Low High Medium High Medium-
Low
CvD High Medium- Medium High Medium-
High High
Nanopatterns Medium Low Medium-High Low Low
LbL High High Medium High Low

In this literature analysis, it has been revealed that a wide range of nanoscale coating methods
can be used to modify neural electrode surfaces in order to improve their efficiency. Among them,
the electrodeposition method shows the highest level of promise in terms of coating stability, re-
producibility, surface variations, industrial scalability, and performance enhancement. This is mainly
due to the sheer volume of research done using this long-existing conventional method and its ap-
plicability to various materials ranging from metals to degradable polymers. The second desirable
approach could be CVD which is again highly researched. It produces reproducible coatings and can
be applied to different electrode shapes and sizes. As it is already industrially applied, the real-world
transferability of the coatings produced should not be a problem. However, this method seems to be
limited to carbon-based materials in the neural electrode applications which limits its application with
novel emerging materials like degradable polymer combinations. The reproducibility and scalability of
the coatings produced via nanopatterning are rarely reported. Additionally, the mechanical stability
of such coatings should be further investigated if they are to be clinically used. LbL coatings are
newly emerging in neural electrode surface modifications and hence further research is necessary to
have a concrete perspective on these coatings. Similarly, the EPD of laser-generated NPs is also an
emerging technique for this application. EPD looks attractive as it already offers structural flexibility
and ease of scaling up industrially. However, to industrialize and clinically apply these coatings,
further research on reproducibility and in vivo performances is required. Due to advancements in NP
productions, various material combinations could also be tried to find the best combinations for neu-
ral electrode performance enhancement. Until today, only the electrodeposition method offers such
material flexibility in the nanoscale. Communities in industry and academia should strive to bring
more research into improvising the electrode performance that can eventually be even applied beyond

neural electrodes. The shelf-life and electrochemical stability of the coatings are highly important.
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During long-term applications, the coating should not delaminate inside the body or the material

being used cannot corrode. That said, a huge step has to be taken to transform all of these research

findings into a real-world market. Manufacturers have to think about upgrading the coatings so that

they can satisfy more than one requirement at the same time.
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Summary:

The established 2D EPD parameters such as electric field strength, electric field type, deposition
time, and colloid concentrations were varied and further optimized for them to be appropriate on
3D surfaces through preliminary experiments. However, a systematic investigation of the parame-
ter comparison was required to determine its influence on the impedance tuning. Therefore in this
section, the EPD of laser-generated PtNPs using DC- and PDC-fields were studied. It was observed
that the PDC EPD produced more homogeneously distributed depositions of PtNPs on 3D neural
electrodes compared to the DC EPD. The electroosmotic- and electrohydrodynamic flows were be-
lieved to govern the aggregation of NPs on the surfaces. The electrode impedance was measured in

vitro, and a significant lowering was observed for PDC samples.
Author contributions:

Design of experiments and studies on EPD of NPs on 3D surfaces including their characterization
were performed by VR. Numerical simulation experiments and data curation were done by BG and
JJK. The impedance measurements on coated electrodes were performed by SDA. The original
manuscript draft was prepared by VR. The review and editing of the manuscript were carried out
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ABSTRACT: Electrophoretic deposition (EPD) of platinum
nanoparticles (PtNPs) on platinum—iridium (Pt—Ir) neural
electrode surfaces is a promising strategy to tune the impedance
of electrodes implanted for deep brain stimulation in various
neurological disorders such as advanced Parkinson’s disease and
dystonia. However, previous results are contradicting as impedance
reduction was observed on flat samples while in three-dimensional
(3D) structures, an increase in impedance was observed. Hence,
defined correlations between coating properties and impedance are
to date not fully understood. In this work, the influence of direct
current (DC) and pulsed-DC electric fields on NP deposition is

Electrophoretic Deposition of Pt nanoparticles

aouepadu
3ouepadwi

systematically compared and clear correlations between surface coating homogeneity and in vitro impedance are established. The
ligand-free NPs were synthesized via pulsed laser processing in liquid, yielding monomodal particle size distributions, verified by
analytical disk centrifugation (ADC). Deposits formed were quantified by UV—vis supernatant analysis and further characterized by
scanning electron microscopy (SEM) with semiautomated interparticle distance analyses. Our findings reveal that pulsed-DC electric
fields yield more ordered surface coatings with a lower abundance of particle assemblates, while DC fields produce coatings with
more pronounced aggregation. Impedance measurements further highlight that impedance of the corresponding electrodes is
significantly reduced in the case of more ordered coatings realized by pulsed-DC depositions. We attribute this phenomenon to the
higher active surface area of the adsorbed NPs in homogeneous coatings and the reduced particle—electrode electrical contact in NP
assemblates. These results provide insight for the efficient EPD of bare metal NPs on micron-sized surfaces for biomedical
applications in neuroscience and correlate coating homogeneity with in vitro functionality.

B INTRODUCTION

Electrophoretic deposition (EPD) is the process wherein
charged colloidal particles accumulate on target surfaces due to
an external electric field.'™ EPD is a versatile technique,
benefiting from simple experimental setups and relatively ragid
deposition of thick coatings on arbitrarily complex targets®™®
and also sub-monolayer coatings.” EPD was first performed
nearly a century ago, depositing thoria particles onto platinum
(Pt) surfaces,” and since has been used in a wide range of
applications. EPD is central to processing advanced
ceramics,” !’ oxy§en sensing devices,'" biomaterials,"? energy
storage devices, ~ electrophoretic displays,* and various other
fields. Biomedical applications for EPD include carbon
nanotube coatings and antibacterial coatings for implants,"
coatings on drug delivery systems,'® biosensors,'” etc. Metal
nanoparticles (NPs) deposited through EPD on various
surfaces are used in the fields of catalysis,'® memory devices
and semiconductors,”® and solar cells.”” In this context, the
EPD of metal NPs can also be applied to implants such as
neural electrodes.””"””> Deep brain stimulation delivering

© 2021 American Chemical Society

W ACS Publications 9724

electrical pulses to the thalamus and various basal ganglia
nuclei via implanted electrodes has become an established
treatment option for movement disorders such as Parkinson’s
disease.”® To improve their long-term efficiency and to avoid
impedance increase over time, the electrodes’ surface proper-
ties can be improved using sub-monolayer NP depositions.”
In particular, electrochemically active surface area, impedance,
and wettability of the surfaces can be controlled by the EPD of
PtNPs on Pt electrodes.” Ongoing efforts to improve the
neural electrode efficiency by surface modification include
increasing the surface roughness by laser patterning,”**®

26,27

application of porous coatings, and deposition of “nano-
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grass”28 or “nanorods”®® on the electrode surface. However,
most of these designs involve dissimilar substrate and coating
materials, which could pose difficulties during regulatory
approval for testing in human patients.26 Additionally, these
manufacturing processes involve multiple stages, which
increases the production time.””*” EPD stands out, produc-
tion-wise, offering a relatively simple setup, fast production
cycles, and batch processing of electrodes.

Although EPD is a straightforward technique requiring only
a colloidal suspension and a working electrode, the properties
of the final deposit may be tuned to benefit the application.
These properties depend strongly on the interplay between
system parameters like colloid concentration, deposition time,
electric field strength, deposition media composition, and field
variation.””* Neirinck et al. and Hirata et al. found that the EPD
yield of alumina powders was directly proportional to the
deposition time.’”’" Doungdaw et al. performed EPD with
different suspension concentrations and found that the deposit
weight increased with highly concentrated suspension at higher
voltages and deposition times.”> Acevedo-Pefia et al. found
that the TiO, deposit thickness scaled with the applied electric
field and concluded that the applied field has a greater
influence on the deposit formation compared to the other
parameters.”’ These relationships were experimentally verified
by Sarkar and Nicholson, where they have implicated an
agreement between the experimental data and the existing
theory.™*

Direct current (DC) EPD usually produces thick inhomoge-
neous deposits, presumably due to water electrolysis and the
evolution of hydrogen bubbles near the target electrode.”'’
Uchikoshi et al. circumvent these issues using palladium

9725

electrodes that readily absorb evolved hydrogen gas, thereby
increasing coating homogeneity.'” Besra et al. used pulsed-DC
to produce bubble-free deposits and carried out EPD in
organic media to obtain high-quality deposits.z’é’7 Further-
more, it is widely known that in aqueous EPD, electro-
hydrodynamic (EHD)® and electroosmotic flows (EOF)* at
the surface—solvent interface affect NP deposition and favor
the formation of NP assemblates. One way to circumvent this
mechanism is the utilization of alternating current (AC) or
pulsed-DC fields during EPD. In the case of pulsed-DC fields
cycling, the pulses on and off may resuspend deposited
particles during the off state and deposit them at different
locations during the subsequent on state, resulting in more
homogeneous deposits.”> Although organic EPD media are
preferred in certain applications, the availability and environ-
mental compatibility of water, especially for biomedical
applications, makes it the most sought-after solvent.” There-
fore, to use water as a solvent and at the same time avoid the
discrepancies mentioned earlier, AC and pulsed-DC fields
could be used.” However, such effects were mostly studied in
microparticle suspensions yielding deposits in the microgram
range.””**373% Therefore, it would be highly interesting to
study the effects of DC and pulsed-DC fields on an NP scale
producing sub-monolayer coverages.

To the best of our knowledge, the effect of applied electric
fields in metal-on-metal EPD systems for implant coatings has
been far less investigated. Our own previous work examined
the impedance of Pt neural stimulation electrodes coated with
PtNPs via DC-EPD. Sub-monolayer NP coverage was
observed, which helped to increase the activity of the surface

through deposition of oxidized and highly charged particles;”

https://doi.org/10.1021/acs.langmuir.1c01081
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Figure 2. Sequence of processing steps to find the coordinates of particles by denoizing a ROI (yellow selection in (a)) via (b) median and (c)
Gaussian filtering. (d) ImageJ’s Find Maxima function is applied to the result of dividing (b) by (c) to find the particles (red dots). Experts rectify
false-positives and false-negatives near cracks/scratches in the electrode and dense clusters, respectively, to locate particle coordinates (cyan) in (e)
DC and (f) pulsed-DC experiments. Scale bar: 500 nm. (Please note that (a—e) represent the same image to illustrate the image analysis process
while (f) constitutes a different example of an image analyzed by the same approach.)

however, their measured impedance values revealed contra-
dicting results.”> While PtNPs deposited on Pt-sputtered flat
targets revealed a reduction of impedance with increasing
particle surface coverage, these results were not transferable to
three-dimensional (3D) electrodes. Here impedance increased
in vitro, while it remained stable under in vivo conditions.”**
Hence, a systematic investigation of the EPD process for 3D
electrodes has not been done to date and is presented in this
work (see Figure 1), with emphasis on the differences between
DC and pulsed-DC depositions for metal—metal NP EPD with
sub-monolayer coverage in an aqueous medium.

B MATERIALS AND METHODS

Nanoparticle Generation. Ligand-free PtNPs were synthesized
by pulsed laser ablation in liquid (LAL)* of a platinum target (10 X
10 X 1 mm®) in ultrapure water using an Nd:YAG laser (Ekspla,
Atlantic series, 10 ps, 1064 nm, 9.6 mJ, 100 kHz) by means of a
custom-made ablation chamber (described elsewhere in more
detail*"**) for S min yielding about 500 pg/mL colloid mass
concentration. The laser beam was focused using an F-theta lens (f =
113 mm) and directed onto the target using a galvoscanner (Scan
Lab, SCANcube 10) scanning a 6 mm spiral pattern. The ablated
colloidal PtNPs acted as educt for the pulsed laser fragmentation in
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liquid (LFL) process performed in a custom-made passage reactor
(described in detail elsewhere*). The passage reactor was filled with
educt colloid and fragmented using a nanosecond laser (Innolas,
Spitlight, 9 ns, 532 nm, 84 mJ, 100 Hz, 1.5 J/ cm?). The fragmented
colloids were used for EPD after dilution to a concentration of about
100 p1g/mL using ultrapure water and adjustment to a pH of 11. The
ionic strength of the colloids was 0.035 X 10~* mol/L, equivalent to a
Debye screening length of 52 nm in DLVO-based particle interaction
models.

The absorbance of PtNPs was measured by a UV—vis extinction
spectrometer (Thermo Scientific, Evolution 201) in the wavelength
range of 190—900 nm using a quartz cuvette with a path length of 10
mm. The hydrodynamic diameter of the colloids was determined
using an analytical disk centrifuge (ADC, CPS Instrument DC 24000
UHR) at 22 000 rpm. The measurement was based on sedimentation
of particles through a sucrose sugar gradient and their time-dependent
detection at 405 nm. Dispersion states of PtNPs were characterized
from the obtained UV—vis spectra using an approach pioneered by
Furlong et al,*' which is well established for laser-generated colloids
(for Pt** and CoFeOx"). Furlong slopes (S) were determined using
eq 1, where A represents the absorbance and A represents the
wavelength range from UV—vis spectroscopy measurements.

https://doi.org/10.1021/acs.langmuir.1c01081
Langmuir 2021, 37, 9724-9734
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Figure 3. (a) Peak-normalized hydrodynamic weight distribution of PtNPs after LAL and LFL; (b) peak-normalized hydrodynamic number
distribution of PtNPs after LAL and LFL; (c) average-number peak diameters before and after LFL (N = S, p = 0.05); (d) UV—vis absorbance
spectra of LAL and LFL Pt colloids; (e) Furlong curves derived by plotting —log(absorbance) vs log(wavelength) from the UV—vis data; and (f)
average Furlong slope values of LAL and LFL colloids showing no significant change in particle size in both the groups (N = 5, & = 0.0S).

—dlogA
dlog 4 (1)
The corresponding UV—vis spectra were normalized to 450 nm
and —log(normalized absorbance) vs log(wavelength) was plotted to
obtain the Furlong curves (Figure S4). These curves were linearly
fitted for the x-axis values between 2.7 and 2.9 (corresponding to a
wavelength range of 500—800 nm) and their slope values were
determined. The obtained Furlong slope values give an indirect
insight on the size changes occurring in the colloids, where the slope
change is indirectly proportional to the particle size change (the S
value of an ideal Rayleigh scattered particle would be —4 according to
the formula, T o A7%).

Electrophoretic Deposition. Neural electrodes were prepared by
the parallel assembly of two PTFE-isolated platinum—iridium (Pt—Ir,
90:10) wires (Science Products GmbH, Germany) having a diameter
of 0.055 mm at a distance of about 0.25 mm and inserted into a
hollow stainless steel tube cut from 24G syringe needle. Electrical
contacts were established by soldering plug pins to the ends of the
wires. The electrodes were precleaned by immersion in 65% nitric
acid for 15 min, followed by rinsing with distilled water. EPD onto
these samples was carried out using a custom-made EPD chamber
(described in ref 9) and application of either DC or pulsed-DC
electric fields. The positive pole of the power supply was connected to
the electrodes and the negative pole to the surrounding metal ring
(acting as a counter electrode). The chamber was filled with 600 uL
of Pt colloid (with a {-potential of —62 mV and pH of 11), which was
then deposited onto the Pt—Ir samples. DC depositions were carried
out at 5 V/cm for 5 min and pulsed-DC depositions at 5 V/cm, 1 s
period, and 50% duty cycle for 10 min. The colloid was magnetically
stirred during deposition to avoid particle sedimentation. It is to be
noted that the above-mentioned EPD parameters were preoptimized
by varying the electric field strength, deposition time, colloid
concentration, and pH. After coating, the supernatant was
characterized using UV—vis spectroscopy to determine the deposited
mass and Furlong slopes. Here, we quantified the area under the curve
(AUC) in a spectral range from 190 to 900 nm and used Pt colloids
with known mass concentrations for calibration (Figure S3). Furlong
slopes of supernatant colloid were calculated to detect particle size
changes after EPD. Scanning electron microscopy (SEM, Thermo
Fisher Scientific, Apreo S LoVac) images of coated and uncoated Pt—
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Ir samples were collected (operating voltage: S kV) and further
analyzed to quantify the spatial distribution of deposited particles.

Impedance Measurements. In vitro impedance measurements
on electrodes, before and after coating with DC and pulsed-DC fields,
were performed by immersing the electrodes into 0.9% NaCl
electrolyte solution and applying a sinusoidal voltage of 200 mV p—
p (circuit diagram explained previously in ref 22). The voltage drop
across the resistor was amplified and the impedance across the
electrode was calculated using Ohm’s law. Measurements were
performed at a single frequency of 200 Hz (as this frequency value
closely resembles the clinical stimulation value of 130—180 Hz"*). As
a control group, the samples immersed in Milli-Q water (without
particles) and exposed to the corresponding pulsed-DC field were
measured. Short-term in vitro stimulation was performed to test
whether impedance values remain stable. One-way analysis of variance
(ANOVA) statistical evaluations was performed on the data followed
by Tukey’s test. The p-value was set to 0.05, and the obtained
probability values less than the set p-value were considered to be
statistically significant.

Particle Coordinates and SEM Image Analyses. To extract
particle x—y coordinates from SEM images, we developed and
implemented a semiautomated procedure using the open-sourced
image analysis software ImageJ** and in-house code. This semi-
automated protocol locates the centers of deposited particles and
calculates the center—center distances between each possible pair of
particles. Subsequently, the nearest-neighbor (NN) distances and
local particle arrangements (g(r)) were analyzed. Figure 2 shows each
step of this algorithm. We first crop out instrumentation overlay and
several pixels from the edge of the 16-bit images to eliminate artifacts.
The edge regions are 3—$ pixels wide and colored yellow (Figure 2a).
Although small, we found that removal of these edges is critical for the
success of later steps. This trimmed region of interest (ROI) is then
used to generate two new images. First, the ROI is processed with a
two-pixel radius median filter that removes noise while preserving the
edge features by replacing each pixel with the median value of the
neighboring pixels (Figure 2b). A second image is generated by
applying a Gaussian blur filter to the original trimmed ROI. This filter
uses a Gaussian smoothing function with a standard deviation of 10
pixels; the results of this filtering are shown in Figure 2c. We then
divide the median filtered image by the Gaussian blur filtered image to
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Figure 4. (a) Average deposited mass of NPs on electrode surfaces via DC and pulsed-DC depositions (N = 15, p = 0.05); (b) Furlong slopes of
the supernatant colloid before (dashed line) and after EPD (N = 15, p = 0.05); (c) peak-normalized hydrodynamic number distribution of the
supernatant colloid after DC and pulsed-DC-EPD; and (d) average-number peak diameters of the supernatant colloids before (dashed line) and

after EPD (N = S, @ = 0.05).

enhance edge detection and apply Image]’s Find Maxima function to
the result in Figure 2d using prominence values between 0.15 and 0.2.

Of the three parameters governing this algorithm (i.e,, median
radius, Gaussian blur standard deviation, and prominence),
prominence is the most sensitive and sets the “shoulder length” of
pixel intensity contours. We chose a value that minimizes the amount
of false-positives, which typically cluster around defects in the
substrate (e.g, scratches) present in the SEM images. We then
manually inspect the algorithm’s output as in Figure 2d to correct any
false-positive or false-negative before recording the list of particle
coordinates. Figure 2e,f shows the final particle coordinates of DC and
pulsed-DC experiments, as determined by experts. We also explored
Image]’s machine learning implementation that performs a tertiary
classification that prompts a user for regions of (1) particles, (2)
background, and (3) scratches. However, for our SEM images, this
approach did not generalize across all of our images nor sufficiently
reduce false-positive/negative particle detection to eliminate the need
for manual inspection. Image]J software then exports the positions of
all detected particles as a list of x—y coordinates.

B RESULTS AND DISCUSSION

To reduce the impedance of neural electrodes, we deposited
colloidal PtNPs obtained from the laser-based synthesis in
solution onto Pt—Ir surfaces. Since Angelov et al. found that 10
nm particles stabilized in vivo impedance values more than
their counterparts with larger diameters,”” we used ~10 nm
particles in this study. Figure 3 shows the size distributions of
colloids measured via ADC and absorption spectra measured
using UV—vis spectroscopy.

In ADC, the LAL-generated colloids (Figure 3a) showed
peaks at 5, 45, and 120 nm diameters. Such multimodal
particle size distributions were previously observed by Nichols
et al,, ablating Pt in water at a wavelength of 355 nm."* Shih et
al. explained based on computational studies during ablation of
a silver target placed in water that multimodal size distributions
are closely linked to early-stage formation mechanisms in LAL
and are hence often found experimentally.*® Therefore, pulsed
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LFL was subsequently performed to obtain a monomodal size
distribution of about 10 nm as shown in mass (Figure 3a) and
number-weighted (Figure 3b) distributions. Laser fragmenta-
tion of noble-metal colloids usually results in diameters less
than 10 nm;***” however, in such studies, the educt
concentrations were 7.5,*” 10,** or 130—170 /4g/mL,42 which
are considerably lower than our educt concentration of ~500
ug/mL. In such highly concentrated colloids, particle growth
could occur in the form of coalescence or Ostwald ripening.**
Coalescence is the growth of particles caused by diffusion due
to bombardment,” whereas Ostwald ripening is the
dissolution of one particle and redepositing on a larger
particle, inducing growth.’>' Jendrzej et al. showed the
growth of ligand-free PtNPs stored at room temperatures and
suggested that storing the colloids at lower temperatures might
prevent their growth.”” Therefore, our samples were stored at
temperatures around 10 °C and we could show that there was
no significant growth in particle sizes even after 2 months of
storage (Figure S2). As a result, the shift in peak diameter
value of the smallest mode from $ nm after LAL to 10 nm after
LFL is attributed to an overlap between the original S nm
particles (which would be unaffected by the laser pulse due to
their low extinction coefficients®) mixed with the fragmented
products of the larger particles in Figure 3b,c.

Figure 3d shows the UV—vis absorbance of colloids after
LAL and LFL. The absorbance peak at 250 nm is derived from
Pt* complexes and can be correlated with the surface oxidation
of PtNPs due to laser ablation in deionized water.”* Since
LFL colloids have a higher absorbance peak than LAL colloids,
it implies increased surface oxidation, which, in turn, increases
the surface charges around NPs, making them more electro-
statically stable and resistant to ripening.** Furlong slopes of
the colloids in Figure 3e were determined by best fit for the
slope of a —log(UV—vis absorbance) vs log(wavelength) plot
and give an indirect measure of particle size change in colloidal
systems. Interestingly, Furlong slopes are stable during the
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Figure S. SEM images of PtNPs deposited on Pt—Ir samples using (a, b) DC and (¢, d) pulsed-DC electric fields showing deposition behavior at

(a, ¢) lower and (b, d) higher magnifications. Scale bar: 500 nm.

fragmentation process, which seems to indicate no pronounced
changes in the aggregation state due to the fragmentation
process.

EPD is commonly used for depositing powders, ceramic
particles, etc.”® Due to the large surface area of targets and the
need for thick deposit coverage, the yield obtained is in the
scale of micrograms or more and measured directly by
weighing the target.”**** However, in the case of NP
depositions producing a sub-monolayer coverage on relatively
much smaller surface areas, weighing the targets is an
unsuitable assessment method. Therefore, indirect yield
determinations using UV—vis spectroscopy measurements
have been performed in this work. To study the impact of
the applied electric field on the used Pt colloids, the
supernatants after EPD were analyzed.

Figure 4a compares the average deposited mass of NPs after
EPD in DC and pulsed-DC fields. Depositions in DC fields
show a slightly reduced yield compared to those in pulsed-DC
fields. Notably, error bars are considerably higher in DC-based
deposition in contrast to pulsed-DC, which seems to indicate a
low reproducibility of the procedure when DC fields are used
(SEM images supporting the statement are shown in Figure
SS). Although deposition under pulsed-DC fields is more
reproducible than DC fields (indicated by smaller error bar),
the difference in the total deposited masses is statistically
insignificant. Absolute Furlong slope values of the supernatants
after EPD in Figure 4b increase for both DC and pulsed-DC
supernatants, indicating a narrowed distribution, i.e., colloidal
nanoparticles have reduced amount of hydrodynamic aggre-
gates or agglomerates after the EPD procedure was applied.
This effect was significantly higher in pulsed-DC than in DC
supernatants. However, ADC measurements of the super-
natants in Figure 4c,d do not exhibit a significant difference in
the hydrodynamic number-weighted diameters between the
groups, confirming that particle sizes do not change during the
EPD process. As Furlong slope results are contradictory to the
more reliable ADC measurements (Furlong slopes are
indirectly derived data taken from UV—vis spectra after data
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processing and are prone to errors), we conclude that particle
size does not significantly change during EPD and that the
deposition process is not size-dependent, a finding in
accordance with the literature.”"

Most of the EPD literature focuses on producing deposit
yields in milligram scale or more whose efficiencies are
evaluated by deposit yield and their quality (crack-free or
bubble-free depositions).””****~** However, to influence the
impedance of stimulation electrodes, sub-monolayer PtNP
depositions with rough surface textures and increased surface
area are more relevant than the yield or defect-free deposits.

Figure 5 shows SEM images of PtNP deposits formed by
DC (a, b) and pulsed-DC (c, d) fields. DC-EPD produces
highly non reproducible clustered deposits, whereas pulsed-DC
produces fairly distributed deposits with minimal clusters (see
also Figure S5). Even though both depositions take place in an
aqueous medium, the deposition mechanism here is assumed
to be influenced by applied electric fields, leading to highly
clustered and sparsely clustered depositions. It is well known
from the literature that during EPD in aqueous media, field-
induced flows such as EOF and EHD play major roles in the
way particles are deposited.”>>*° The EOF results from the
movement of polar liquids under the influence of external
electric field and EHD originates due to the interaction of
electric field and electric double layer near the target
electrode.” Therefore, when a particle comes near the electrode
surface, it is already under the influence of an applied electric
field plus the flows induced by it.* Both EOF and EHD act
simultaneously superimposed on each other,”* pushing the
subsequent incoming particles to attach near the first particle,
thus resulting in cluster formations. Because of the
accumulating surface charges, these clusters tend to attract
more particles and hence grow faster. In DC-EPD, the applied
field is constant and hence EOF and EHD continuously act on
the particles to create large amounts of clusters. However, in
pulsed-DC-EPD, the applied field is discontinuous and hence
relaxes the particles from external influences during the off
state. During this time, weakly bound particles in the clusters
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break off and resuspend into the solution. When the field is
switched on, these resuspended particles are deposited directly
on the electrode surfaces instead of a cluster, thus producing
distributed deposits over time.">*>°

Therefore, the mechanisms studied for microparticles might
also hold true for ligand-free charged metal NPs because the
deposition of these particles is different when different electric
fields are applied. In addition, as higher frequencies induce
better ordering,” the frequency of 1 MHz used in our
experiments further aided better ordering of the PtNPs during
pulsed-DC-EPD. We can explain this further in terms of
diffusive motion that occurs when the pulsed-DC field is off.
For our system, we calculate the diffusion constant to be***’

kT
3mpd,

C.=52x10"m%/s
)

where d,, is the particle diameter, T is the solvent temperature,
u is the viscosity, kg is the Boltzmann’s constant, and C, =
1.063 is the slip correction factor.*® During the time the field is
off tzq.0r = SO0 ns, the average distance particles diffusively

migrate, 6 = /6tggq_o¢ D, is 12 nm. Notably, at these

conditions, this migration distance is on the order of the
particle diameter, ie.,  ~ d,. Thus, the 1 MHz field frequency
allows for significant diffusive particle motion to occur,
reducing the propensity for particles to aggregate into clusters.
This implies there is an upper limit to the pulsed-DC
frequency (or equivalently lower limit to tgq.g) in which
clustering may occur with pulsed-DC-EPD. Based on the
diffusion arguments, we posit that aggregation may occur when
the diffusion distance is less than the particle size. That is

2k TCltgera—of
ﬂyd;’

<1

()

. A series of different duty cycles were implemented as controls
to check the validity of eq 3 (see Section SS), and it was found
that cluster formation occurred in cases where &/ dP < 1 and
also when fgoq.on/taeid.o = 1. Further investigation is required
to determine whether or not clusters are formed in case the
deposition time is higher than the diffusion time, i.e., tggq.0n >
tield-off

To evaluate particle spacing in the deposits, we extract
particle coordinates from SEM images using our semi-
automated algorithm described in Figure 2. Figure 6 shows
quantitative comparisons between DC and pulsed-DC deposits
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that are the result of averaging three DC and six pulsed-DC
SEM images, each with a sample area of ~3450 X 3420 nm*
Figure 6a shows probability histograms of particles’ nearest-
neighbor distances and the inset highlights the difference
between these curves. Nearest-neighbor (NN) histograms are
generated by calculating the pairwise distances r between a
reference particle i and every other detected particle j using
center—center distances. The minimum i—;j distance is stored
as ryy and this calculation is repeated for every possible
reference particle i. The collection of NN distances are
presented as probability distributions P(ryy) [where _/ Iy
P(ryn) dryn = 1] in Figure 6a. The minimum center—center
distance in this distribution, indicating particles touching each
other (orange dotted line in Figure 6a), is represented by the
mean particle diameter and is assumed to be 10 nm. These
histograms reveal that DC particles are more closely spaced at
~37.5 nm vs ~42.5 nm for particles created with pulsed-DC.
Furthermore, the distribution and inset in Figure 6a is broader
for pulsed-DC than for pure DC fields, indicating that particles
deposited under DC conditions are arranged in denser clusters.
This quantitative result is consistent with the SEM images in
Figure Sa,b that show deposits in DC fields comprised of
clustered particles.

The same set of particle coordinates measured from SEM
images is used to compute two-dimensional (2D) radial
distribution functions (RDF) of the deposited particles at the
surface, g(r) in Figure 6b. The RDF is calculated as

L&
g(r) = — &8(r =)
nc n=1 (4)
where r,, is the distance between atom centers i and j, § is the
Kronecker delta, #. is a normalization factor proportional to
the number of particles in a ring with radius r at average
particle density p, and the ensemble average is collected over
all N deposited particles and all possible reference particles i. In
practice, the 2D RDF is calculated as nested annuli centered at
equally spaced r with finite width dr that defines the RDF’s
resolution. Here, the RDF may be interpreted as the likelihood
of finding a neighboring particle at a distance r from any given
reference particle of reference within the deposit. This value is
normalized by the average (bulk) density of particles in a given
image so that g(r) > 1 indicates some greater-than-average
local density and lim,_,, g(r) = L.
The curves in Figure 6b represent averages collected over all
particles detected in each set of SEM images. Like the
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histograms in Figure 6a, the g(r) show that particles in deposits
created with pure DC fields are more closely spaced compared
with that in deposits produced in pulsed-DC fields. Addition-
ally, the g(r) also contains information about the local ordering
of the particles. The smaller peak of the pulsed-DC depositions
is due to a more diffused local arrangement of particles around
the central reference particle. A Boltzmann inversion of the
g(r) in Figure 6b provides insight into interparticle interactions
near the electrode via the effective potential of mean force®®

= —kyT In(g(r)) Q)

Extracting this thermodynamic information from an
ensemble of positional data may assist in the validation or
development of related EPD computer simulations and
theoretical models. Since this approach reports g(r) of
deposited particles at the electrode, eq S reveals particle—
particle interactions exclusively near the wall. Unlike the bulk
colloid—colloid interactions that are traditionally modeled with
the DLVO potential, near-electrode interactions may be
influenced by (at least) EOF and/or EHD that can influence
ordering between particles. Admittedly, without performing
this analysis on a greater number of SEM images, the g(r)
curves in Figure 6b are not well converged. However, this
method of collecting SEM images and locating particle
coordinates with the semiautomated algorithm is scalable.
Analyses like those shown in Figure 6 can be performed over
large SEM image sets to measure empirically derived w,_jecrode
and improve the EPD modeling efforts. Structural information
from the interactions among particles within the first layer of
particles captured by w,_¢jectrode is crucial to understanding how
subsequently deposited particles are arranged in multilayer
deposits. In addition to the gained physical insights, such
models could expedite optimization of EPD processing
conditions to tune impedance values of the resulting deposits.

This approach and the results of Figure 6 are limited to 2D
deposits such as ours. Particles occluded within 3D clusters
skew the analysis in Figure 6a,b. Configurations where small
particles touch or particles sit atop each other contribute to
nonzero values in P(ryy < dp) and g(r < dp). We quantify the
amount of particle occlusion in our SEM images in Figure 6c.
We first compute the theoretical coverage assuming no overlap,
Nﬂdf,/ 4. We then compute the total area within a 5 nm radius
of every particle, ensuring not to double count regions between
particles. We then report the difference of these areal coverage
metrics, normalized by the total area of the SEM image to
determine the percentage of particle overlap in each image. In
both DC and pulsed-DC, the percentage of estimated overlap
is negligible as expected for our system. However, the larger
values for the DC depositions provide another indication that
particles arrange into denser configurations than in pulsed-DC.

Deep brain stimulation has been used in over 160 000
patients for various neurological and other conditions like
chronic pain, psychiatric diseases, and eating disorders.’”
While there has been tremendous progress, drainage of battery
source due to increasing impedance of the stimulation circuitry
is still an unresolved problem.””®' We assume that by
increasing the active surface area of electrodes, electric
discharge efficiency could be increased, thereby reducing the
impedance. Here, changes in the geometric surface area
through sub-monolayer deposition are minimal (0.03%
increase) and cannot fully account for pronounced changes
in impedance. Previous studies conducted with 2D targets
highlight that the oxidation state and electrochemical potential

Wat—electrode
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of laser fabricated PtNPs significantly enhanced the active
surface area.” Hence, it is not the geometric surface area
increase but the surface activity increase that drives changes in
impedance. Therefore, in addition to 2D image analysis, sub-
monolayer PtNPs were deposited on 21 Pt—Ir electrode
surfaces. Electrodes were coated using DC and pulsed-DC
electric fields along with a control group coated using the
vehicle medium (here, Milli-Q water) and their impedance was
determined. The electrode impedance constitutes a functional
readout and helps to elucidate whether there is a correlation
between deposit quality and electrophysiological properties.
Figure 7 shows the average impedance values of the
electrode samples. It can be seen that the DC-EPD samples

NBefore EPD
EPD

Il After EPD
Control

60y

Average impedance (kQ)

______

DC

Pulsed-DC Water

Figure 7. Average impedance values of neural stimulation electrodes
before and after EPD via DC, pulsed-DC fields, and control group (N
=7, a = 0.05), showing a significant decrease in impedance when
pulsed-DC fields were used.

show no significant change in their impedance before and after
coating. As clustering happens more often in an aqueous DC-
EPD, the surfaces are only partially covered and result in an
inefficient increase in active surface area. Furthermore, such
large clusters may cause insufficient electrical contact, with the
electrode surface overshadowing the positive effects of more
active NPs in lower layers of the deposit. As a result, a further
deposition and the corresponding increase of surface area
hardly influence the impedance after DC deposition. This
finding is in good accordance with our previous results, where
impedance even increased after DC-EPD in vitro.”” Similar
trend can be seen in the case of water-coated control samples,
which is naturally expected. In the case of pulsed-DC samples,
a statistically significant (p < 0.05) lowering of the impedance
values after EPD can be observed. Higher level of ordering
results in lesser cluster formations and more accessible active
surface area. Here, more single particles cover the electrode
surface, facilitating the total active surface area to increase and
eventually their impedance values to decrease.

B CONCLUSIONS

Neural electrode impedance, i.e., during deep brain stimulation
or neural electrode recording, is an important factor
influencing the electrostimulation efficiency and neural record-
ing quality. When impedance is kept low, it not only improves
the charge transfer but also reduces the need for frequent
battery source replacement surgeries. One approach in this
context is to increase the active surface area of electrodes
through the introduction of nanoroughness on the surfaces,
which is made possible by the EPD of PtNPs. In this work, we
examined to what extent the DC-EPD and pulsed-DC-EPD
electric fields affect the coating properties. We observed a more
homogeneous coating in the case of pulsed-DC-EPD. We also
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pose a simple mathematical equation, eq 3, as a way to identify
parameter space where rough coatings could arise in pulsed-
DC systems. A quantitative analysis of SEM images yielded
nearest-neighbor histograms and radial distribution functions
of nanoparticle deposits. These functions reveal that particles
are arranged into denser clusters when deposited under pure
DC fields in comparison to pulsed-DC fields. Furthermore,
such an analysis, when performed at a large scale, offers a way
to measure intercolloidal potentials that describe the near-wall
effects in sub-monolayer EPD deposits. Particle-based EPD
models could incorporate these empirically derived potentials
to offer additional physical insights into the connection
between the colloidal ordering and the resulting impedance
of neural electrode coatings. The electrode samples coated
with pulsed-DC showed a significant decrease in their
impedance values, which remained stable throughout the
stimulation period. The experiment also confirms that
impedance remains unaltered for DC-EPD. Future exper-
imental and simulation studies continue to pursue a deeper
understanding of the effect of colloid composition on particle
deposition. Additionally, we confirm that the homogeneous
coatings prepared by pulsed-DC-EPD enhance biomedical
device performance with long-term in vitro and in vivo
stimulation experiments.
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Summary:

In the previous section, the influence of physical parameters involved in the EPD process (ap-
plied electric field) on the deposition mechanism was investigated. However, the question of the
influence of solvent composition on the homogeneity of the coatings was still open. Therefore, the
upcoming section investigates the influence of the solvent medium used for the coating on the NP
deposition. The EPD of laser-generated PtNPs dispersed in varying concentrations of ethanol-water
mixtures is performed and the most homogeneous surface coverage was obtained at 30 vol.% ethanol
concentration. A systematic electrochemical characterization was performed using CV and EIS. At
30 vol.% ethanol, the ECSA increased by 7-fold and the electrode impedance decreased significantly.
An increased coating quality with increasing ethanol concentration could be due to the reduction
in water splitting and bubble formation, and with very high ethanol concentration, particle assem-
blages are formed due to higher viscosity. The above observations are complemented by mesoscale

multiparticle computational simulations.
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Platinum electrodes are critical components in many biomedical devices, an important example being implantable neural
stimulation or recording electrodes. However, upon implantation, scar tissue forms around the electrode surface, causing unwanted
deterioration of the electrical contact. We demonstrate that sub-monolayer coatings of platinum nanoparticles (PtNPs) applied to
3D neural electrodes by electrophoretic deposition (EPD) can enhance the electrode’s active surface area and significantly lower its
impedance. In this work we use ethanol-water mixtures as the EPD solvent, in contrast to our previous studies carried out in water.
We show that EPD coating in 30 vol.% ethanol improves the device’s electrochemical performance. Computational mesoscale
multiparticle simulations were for the first time applied to PtNP-on-Pt EPD, revealing correlations between ethanol concentration,
electrochemical properties, and coating homogeneity. Thereto, this optimum ethanol concentration (30 vol.%) balances two
opposing trends: (i) the addition of ethanol reduces water splitting and gas bubble formation, which benefits surface coverage, and
(ii) increased viscosity and reduced permittivity occur at high ethanol concentrations, which impair the coating quality and favoring
clustering. A seven-fold increase in active surface area and significantly reduced in vitro impedance of the nano-modified neural
stimulation electrode surfaces highlight the influence of ethanol-water mixtures in PtNP EPD.
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Electrodes made of platinum (Pt) are of high relevance in various
applications such as gas diffusion electrodes for fuel cells,"** sensor
electrodes (in electrochemical detection of glucose,“‘6 pH,7’8 dis-
solved oxygen,” etc.), neural stimulation'®'® or recording
implants,“F retinal implants,lH9 cochlear implants,20’2] in vitro
monitoring of electrogenic cells,?* dye sensitized solar cells> >
many more. Pt is preferred in biomedicine®® and electrocatalysis®’
because of its biocompatible and corrosion-resistant nature. In all
applications, the most important electrode parameters to be opti-
mized are the electrochemical surface area (ECSA) and electro-
chemical impedance (Z)—the key readouts to study their electro-
chemical behavior.”*=" In electrocatalytic applications of Pt
electrodes like the fuel cells, a high ECSA of Pt plays a major
role in fuel conversion rates resulting in high power outputs.®> In
biomedical stimulation and recording applications, Z plays a vital
role, where a low Z corresponds to a high charge injection capacity
(CIC) of the electrodes, yielding efficient stimulations. Furthermore,
in most of the electrochemical analyses, parameters like ECSA, Z,
CIC and charge storage capacity (CSC) are all interdependent.’'—?

The design of Pt and Pt-based electrodes as neural stimulators
and signal recorders is an important and established research
field.**>> An ideal high-performance neural electrode should pre-
ferably possess high CIC, ECSA, signal-to-noise ratio, and low Z.¢
Theoretically, Pt microelectrodes can inject a charge of
300-350 yuCem™2 in  practice they inject only around
100 pC cm 2, reducing the stimulation efficiency.?® This is because,
in vivo, the cathodal stimulation range is limited to between 0 and
—0.6 V (vs Ag/AgCl) to avoid water electrolysis.’®*’ Increasing the
geometrical surface areas (GSA) would be a suitable way to achieve
a low Z, nevertheless such designs would suffer from a decreased
implantation feasibility due to bigger sizes. Hence, researchers have
been increasing the ECSA of electrodes through different kinds of
surface modifications with an aim to decrease Z. Until now, various

“E-mail: stephan.barcikowski@uni-due.de

metallic, semiconducting, carbon-based and polymer-based mate-
rials have been used to structure the surfaces of neural electrodes.*®
Poly(3.,4-ethylenedioxythiophene) (PEDOT) was electrodeposited
onto Pt electrodes insulated in PDMS*® or polyimide*® and was
found to increase the CIC and decrease Z by 95%, respectively. Pt
black was ultrasonically electroplated onto Pt microelectrodes,
which reduced Z by 90% and increased the CSC. However, after
mechanical durability tests, a significant increase of impedance up to
21% was found, indicating the impaired mechanical stability of these
coatings.>® In another study, Pt microelectrode arrays were plati-
nized with Pt, increasing the ECSA of the recording area but also
increasing Z in vivo.*' Although promising, these systems suffer
from serious drawbacks like delamination,4 poor durability,36 and
require exhaustive regulatory procedures prior to clinical applica-
tions, particularly, when coating and electrode materials are
dissimilar.*?

Electrophoretic deposition (EPD) is the movement of charged
colloidal particles under the influence of an applied electric field
toward an oppositely charged electrode surface, and subsequent
deposition of the particles onto this electrode.***** EPD of laser-
generated Pt nanoparticles (PtNPs) on Pt neural electrodes is a
surface modification method that does not share the limitations
mentioned above.*> These laser-generated PtNPs are ligand-free,
which prevents unwanted contamination of the surfaces and allows
for well-controlled deposition since deposition rates scale linearly
with time.** These particles are highly charged due to partial surface
oxidation and ion adsorption, which improves particle mobility
toward the target surfaces under an external electric field.*® Another
advantage of this approach is that the deposited particles and
electrodes are of the same material, meaning that application of
the coating would not affect biocompatibility*’ or hinder clinical
approval. We previously reported a systematic direct-current (DC)
EPD parameter optimization on 2D flat targets*® and studied the
in vivo performance of DC-EPD coated neuro stimulation electrodes
in rats, finding that the coatings yielded more stable impedance
values.*” We also recently found that the morphology of PtNP
deposition may be tuned by selecting either DC or pulsed-DC fields
in aqueous media and studied the influence on neural electrode
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functionality. Here, the EPD mechanism, electric flows involved and
the role of pulses during pulsed-DC EPD were discussed in a
detailed manner. It has been observed that during DC-EPD thick,
agglomerated deposits may be formed due to water electrolysis and
gas bubble formation near the target surface.*®*? Such stochastically
nucleated deposits in aqueous medium are caused by electroosmotic
and electrohydrodynamic flows that interact with colloidal particles
and lead to aggregate formation.”> On the other hand, it was
observed that the pulsed-DC coatings resulted in more homogeneous
and therefore more desirable deposits due to the pulsing, during
which the loosely agglomerated Earticles tend to rearrange and
deposit in a more orderly fashion.*

Until now, all published studies dealing with the deposition of
laser-fabricated PtNPs on neural electrodes have been exclusively
conducted in water.****>*” It has been shown that EPD performance
can greatly benefit from the utilization of alcohols or alcohol-water
mixtures as solvents.**>* Hence in this work we aim to investigate
using ethanol-water mixtures, to which extent the EPD solvent
composition influences surface coverage and neural electrode’s
functionality. Electrochemical performance of the coated surfaces
was examined via cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS). In addition, computer simulations
were used to deepen our understanding of particle deposition and
link coating homogeneity to electrochemical performance (Fig. 1).
Here, a mesoscale model was developed and applied to characterize
sub-monolayer PtNP coverage electrophoretically deposited onto Pt
substrates.

Materials and Methods

Nanoparticle synthesis.—Ligand-free PtNPs with an average
hydrodynamic diameter of 10 nm and total mass concentration of
about 500 pg/ml were synthesized in deionized water via laser
processing in liquids using procedures and parameters previouslgy
described elsewhere.*? In brief, a Pt bulk target (10x10x1 mm~)
was ablated in Milli-Q water using an Nd:YAG laser (Ekspla,

ethanol

(E)

/

Atlantic series, 10 ps, 1064 nm, 9.6 mJ, 100 kHz) followed by laser
fragmentation in liquids (LFL) using a nanosecond laser (Innolas,
Spitlight, 9 ns, 532 nm, 84 mJ, 100 Hz, 1.5 J cm ™) to tune NP size
distributions. Highly concentrated colloids directly obtained from
synthesis in water were diluted to a concentration of about 100 g/
ml (confirmed via UV-Vis extinction spectroscopy) using corre-
sponding ethanol-water mixtures, realizing the compositions of 0
vol.%, 10 vol.% through 90 vol.% (in steps of 20 vol.% of ethanol).
The pH values of all the colloids (each of around 20 ml in volume)
were adjusted to 11 using 10-20 pl of 0.1 M NaOH solution prior to
EPD. UV-Vis absorbance spectra of Pt colloids before and after EPD
were obtained using an UV-Vis extinction spectrometer (Evolution
201, Thermo Scientific) in the wavelength range of 190-900 nm
using a quartz cuvette with 10 mm path length to determine the
deposited mass of NPs on target surfaces (Fig. S1)**. The area under
curve (AUC) between 190-900 nm spectral range was integrated and
quantified against known mass concentrations of Pt colloids (Fig.
S2).

Platinum-Iridium sample preparation.—PTFE coated Pt-Ir
(90:10) wires of 76 um diameter (Science Products GmbH,
Germany) were used as coating substrates. The wires were cut
into pieces having a length of 20 mm. The PTFE isolations were
removed on either ends yielding about 4 mm of exposed wire. One
end of the wires were soldered to an electrical contact pin and the
other end was immersed into the colloid for deposition. The ends to
be coated were washed thoroughly with ethanol prior to EPD.

Electrophoretic deposition.—Prepared Pt-Ir wires were coated
via EPD using a custom-made chamber*® and by applying DC
electric fields. The previously synthesized PtNPs were dispersed in
ethanol-water mixtures and used for deposition. The positive pole of
the power supply was connected to the electrodes and the negative
terminal to the surrounding metal counter electrode. The chamber
was filled with 600 pl of the respective Pt colloid suspension, which
was continuously mixed with a magnetic stirrer during deposition.

(©)

Current (A)
ECSA

Potential (V) Ethanol vol.%

(D)

Impedance (Q)
Impedance

Frequency (Hz) Ethanol vol.%

CN/particle:
e=4
e=3
e=2
=1
e=0

Figure 1. A schematic representation of the experimental workflow. (A) Ethanol mixed with aqueous PtNP colloids, (B) EPD of Pt-Ir wires, (C) CV
measurements show a bell-shaped trend for ECSA, (D) EIS measurements reveal an inverted bell-shaped trend for Z, (E) Particle-based simulation snapshots,

confirming higher levels of particle aggregation at 90 vol.% of ethanol.
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EPD was carried out at 5 V/cm for 5 min during which the
negatively charged PtNPs move toward the positively charged Pt
surfaces and deposit onto their surfaces. The laser processing
generally yields colloidal metal NPs with partial surface
oxidation®® as well as anion adsorption.”’ These two phenomena
lead to a pH-dependent equilibrium between Pt-OH and Pt-O
groups, which at alkaline pH lead to a pronounced negative surface
charge.’ Scanning electron microscopic images (SEM, Thermo
Fisher Scientific, Apreo S LoVac; operating voltage: 5 kV) from the
sides of Pt-Ir wires were obtained to analyze the deposit quality.
Coated wires were mounted onto aluminum sample holders and
electrical contact was established with conductive copper wires.

Electrochemical characterization.—To determine the electro-
chemical properties of the coated Pt-Ir wires, the samples were
characterized using a three-electrode setup potentiostat (VersaSTAT
3F, AMETEK Scientific Instruments). A Pt wire was used as counter
electrode and Ag/AgCl served as a reference electrode. Coated or
uncoated Pt-Ir wires acted as working electrodes.

CV measurements were carried out in 1.0 M sulphuric acid
solution. The vertex potentials were set between —0.2 and 1.2 V (vs
RHE) and the scan rate was 0.2 V/s. Before measurements, the
electrolyte was purged with nitrogen for 45 min and thereafter for 5
min between consecutive measurements. Twenty cycles were
performed for each sam;)le and the ECSA was calculated from the
voltammogram using’>>*

ECSA = Qy/0, [1]

where Qp is the charge associated with the hydrogen adsorption
peak (refer Fig. 6) and Q, is the theoretical charge density of
polycrystalline Pt surface, 210  C cm 23758 Alternatively, ECSA
can also be calculated under consideration of PtNP mass loading for
the purpose of roughness factor determination. Further information
on this method can be found in the available at stacks.iop.org/JES/
169/022504/mmediasupporting information Section S5.

Z measurements were performed in potentiostatic EIS mode in a
frequency range from 1 Hz to 100 kHz by applying an AC,,,; value
of 10 mV and using 0.9% NaCl as the electrolyte (Fig. S3). The
obtained data were plotted in Bode format (Z,,,, vs frequency) and Z
values at medically-relevant frequencies (150 Hz and 1 kHz) were
examined. Additionally, the CSC was calculated via CV enlarge-
ment factor (integrating the AUC of one CV cycle,”**° Fig. S4).

Model details.—EPD simulations of the colloidal suspensions
were performed using a 3D mesoscale multi-particle model de-
scribed in detail elsewhere.®"** The model is formulated within the
Molecular Dynamics framework and uses LAMMPS® to compute
colloidal particle trajectories via Newtonian physics. The simulation
is periodic in the x- and y-dimensions and bounded by a uniformly
charged electrode located at — z. Colloid-colloid interactions are
assumed to follow standard DLVO theory.®*® Since the colloids are
ligand-free and highly mono-disperse, their steric interactions are
well-described by van der Waals forces. Colloid-solvent interactions
are stochastic and treated implicitly in a way that reproduces Stokes-

S

Average deposited mass (ug)
-

0 10

30 50
Ethanol (vol.%)

Einstein diffusion.®® For the simulated parameter sweep, all para-
meters like the system temperature 7 and ionic strength / are held
constant except those that depend on the ethanol concentration: the
relative dielectric constant ¢, Debye length A\p, and the effective
charge on the colloid. The dielectric decreases with increasing
ethanol concentration in a known empirical way.®’ This in turn
changes the Debye length via

€r€OkBT
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with vacuum permittivity €y, Boltzmann’s constant kg, Avogadro’s
number Nayogadro» and elementary charge e. Thus, the characteristics
length scale for electrostatic repulsion, Ap, decreases as ethanol
concentration increases. Simulations are initialized with randomized
particle coordinates and deposited under an artificially high electric
field of 5000 kV/m for 300 us, equilibrated at appropriate experi-
mental conditions, then resulting particle configurations are com-
pared against each other over 900 us of simulated time.

Statistical analysis.—All data points are presented as mean
values + standard deviation. Statistical analysis was performed in
OriginLab (v. 2020b) software. One-way ANOVA statistical evalua-
tions were performed on the data with Tukey’s test as post-hoc
comparison. The a value was set to 0.05, and the levels of statistical
significance are represented as *P < 0.05, **P < 0.01, ***P < 0.001
and ****P < 0.0001.

Results and Discussion

To study the deposition mechanism in ethanol-water mixtures,
Pt-Ir wires having the same geometry as that of the neural electrodes
used for in vivo stimulations were coated with laser-generated PtNPs
using DC EPD at 5 V/cm for 5 min. NP colloids in ethanol-water
mixtures were prepared with different volumes of ethanol (0 vol.%
(pure water), 10 vol.% through 90 vol.%, in steps of 20 vol.%)
before deposition. In all the mixtures, the final Pt concentration was
100 pg/ml. Figure 2a shows the average mass deposited on the wires
and Figs. 2b—d shows exemplary SEM images of sample surfaces
coated with 0 vol.%, 30 vol.% and 90 vol.% of ethanol. An uncoated
Pt-Ir surface is shown in Fig. S5a.

As we can see from Fig. 2(a), the mass deposited on samples
increases with increasing ethanol concentration until it saturates at
50 vol.%. In general, the viscosity of water is less than that of
ethanol.®® Hence, when the quantity of ethanol increases, the
viscosity of the susgension would also increase. According to
Henry’s equation,®®** the electrophoretic mobility of particles is
inversely proportional to the suspension viscosity. Therefore, with
increasing viscosity, the mobility of particles and hence the mass
deposited on the surfaces should decrease. In our experiments, the
deposited mass increases sharply until a certain value (50 vol.% of
ethanol) and saturates for the samples that are coated with ethanol
volumes higher than 50 vol.%. One explanation could be that at 50
vol.% or less, the beneficial effects from gas bubble reduction
exceeds viscosity effects, however, after 50 vol.% the viscosity

Figure 2. (a) Average deposited mass of PtNPs via DC EPD using increasing volume percentages of ethanol-water mixtures (N = 4, o = 0.05); SEM images
taken from the sides of Pt-Ir wires coated in (b) pure water, (c) 30 vol.% ethanol and (d) 90 vol.% ethanol. Scale bars are 500 nm.
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becomes dominant and the curve saturates. Alternatively when
ethanol concentration in water increases, the dielectric constant
decreases,®” thereby increasing the zeta potential.®” This might also
be a cause for higher levels of particle deposition at higher ethanol
concentrations. Additionally, from the SEM images, we observe a
qualitative influence of increasing ethanol volumes on the coating.
The higher the viscosity (greater than 50 vol.%), the higher the
inhomogeneity of the coating, displaying a more aggregated
deposition (Figs. 2d and Fig. S5d). Sadeghi et al. studied the EPD
of titania NPs in different alcohols and found that the EPD in highly
viscous alcohols (like heptanol), produced non-uniform deposits
with substantial amount of aggregates on the substrates.’® This result
corresponds with our observation, where at low viscosity the
deposited mass was comparatively low (Figs. 2b, Fig. S5b), at
intermediate viscosities of 30 vol.% (Fig. 2c) and 50 vol.% (Fig.
S5c¢), the particles deposited with better uniformity and at higher
viscosities, aggregated deposition was observed (Figs. 2d and S5d).
The fact that low viscosity solvents produce homogeneous coatings,
could be one of the reasons why this parameter remains as a desired
suspension property during EPD.*70

Since the qualitative SEM analysis suffers from poor statistics
and inconclusive results, we performed particle-based numerical
simulations to further analyze the impact of physical solvent
parameters like viscosity and permittivity on coating quality.
Experimental results by themselves make it difficult to elucidate
the underlying mechanism, since they are produced by an overlap of
inseparable physical effects. Main contributors to the indeterminate
properties of the coatings would be: inhomogeneous electrode
surface texture due to different deposition behaviors exhibited by
the particles on edges (edge effect’®), gas bubble formation due to
water electrolysis (here, oxygen gas at the anode’') and solvent
properties (viscosity, dielectric constants, etc.). Therefore, modeling
studies were performed to separately evaluate the impact of liquid
properties independent of the other effects.

Particle configurations within the simulated deposits are analyzed
in order to discern how particle ordering changes with increasing
ethanol concentration. The EPD model provides particle coordinates
at each time step throughout the simulation. Particles are assigned
randomized locations, deposited using an artificially high electric
field, and then equilibrated under the experimental electric field
before data is collected and analyzed. From these sets of deposits
under experimental conditions, time-averaged measurements of the
coordination number (CN) per particle and the radial distribution
function (RDF)** are computed for each simulation. Figure 3a shows
how the average CN of particles in the deposit increases with the
ethanol concentration. Although this occurs over a narrow range (i.e.
the maximum and minimum values are within 10%), the trend is
readily apparent. At these conditions, the number of deposited
particles and electrode area are equal, yielding surface coverage of
16.6% that is constant across all simulations. Thus, the trend in
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Figure 4. CN per particle as a function of surface coverage reveals an
increased coverage with increasing ethanol concentrations, for a range of
sub-monolayer packing densities. These subtle differences also match the
trend revealed in Fig. 3.

Fig. 3(a) is due to the inter-particle interactions that allow for closer
particle spacing at higher ethanol concentrations. As ethanol con-
centration increases, the relative permittivity and Debye length
decrease, as shown in Figs. 3b and c, respectively. This reduces
the range of electrostatic repulsion between colloids, allowing for a
larger per-particle CN.

In accordance with the increasing particle CN, the RDFs (g(r))
reveal deposits formed in higher ethanol concentrations to exhibit
particle configurations with a higher degree of ordering at short
distances in Fig. S7. This is apparent in larger and non-monotonic
RDF values at higher ethanol concentrations at short distances, i.e.
890% > 80309 for r < 15 nm. Since the sub-monolayer deposits in
simulation contain the same number of particles, this is compensated
with reduced probabilities of particles spaced at intermediate
distances at higher ethanol concentrations
890% < 8030% for 15 nm < r<27nm. Finally, as expected, all
RDFs converge at far distances g 30.904(r > 30 nm) — 1. Since a
Boltzmann inversion of the RDF yields the effective potential of
mean force, these differences are also explained by smaller Debye
lengths (and range of electrostatic repulsion) as ethanol concentra-
tion increases.

To explore the trends in Figs. 3 and S7 further, a parameter
sweep was performed for simulations with a larger number of
particles for select ethanol concentrations: 0%, 30%, and 90%. In
Fig. 4, CN are computed from simulations in which all physical
parameters were kept constant except the total number of particles.
Since it is not guaranteed that all particles will deposit (and this is
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Figure 3. (a) Average CN per particle, computed at particle separation distances of 15 nm, increases with ethanol concentration, albeit over a tight range of
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and Debye lengths (c) over this range of ethanol concentrations, since the reduced range of electrostatic repulsion allows for closer particle spacing.
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especially true at large particle loadings as described below), the
surface coverage is not a programmable parameter. Nevertheless, the
simulated range of surface coverage spans from 5% to 30%, with
higher variability between simulations with more particles. As
expected, the CN increases with surface coverage since the average
spacing of particles decreases with increasing sub-monolayer deposit
density. Furthermore, the CN increases with ethanol concentrations
as shown in Fig. 3a and similarly increased local ordering can be
seen in the radial distribution functions in Fig. S7. This behavior
again can be explained by the decreasing Debye length with
increasing ethanol concentration, shown quantitatively in Fig. 3b.
Deposition differences with changing ethanol are subtle at surface
coverages <16.6% but the trend appears more pronounced at larger
surface coverage. Figure 5 shows simulation snapshots of the
deposits taken from the highest particle loading for each ethanol
concentration. The number of deposited particles and CN per
particle can be seen to increase with ethanol concentration.
Furthermore, a quantitative analysis of the CN distribution,
Fig. 5d, shows how the majority of particles in 0% and 30% have
CN =1, which shifts to CN =2 at 90%. Also, the number of
uncoordinated particles, CN = 0, decreases with ethanol concentra-
tion.

The reduced repulsion at 90% ethanol (with the lowest simulated
Debye length), produced the highest sub-monolayer packing—again
because particles are able to arrange into denser configurations. It is
worth noting that additional simulations were performed using a
larger number of particles than shown here; however, simulated
surface coverage values saturated at about 30%. This is because the
collective inter-particle electrostatic repulsion from deposited parti-
cles is stronger than the electric field driving incoming particles
toward the partially-coated electrode. Since more highly clustered
deposits form in experiment, this suggests the model’s assumptions (
i.e. DLVO inter-particle physics and uniform electric fields) do not
fully capture the system’s physics when dense sub-monolayer
deposits begin to form. For instance, it is possible that charge
transfer between deposited particles and the electrode (not accounted

anodic sweep E
oxidation

\Y

E cathodic sweep

Hydrogen
evolution

Figure 6. Schematic representation of a Pt voltammogram showing the
processes occurring during one cycle in H,SO, electrolyte.

for in the model), could reduce electrostatic repulsion and allow for
more dense deposits. NP charge transfer has been reported in
literature for laser-generated Pt’> and Pd’®> NPs and other NP
deposition systems.”*

As previously suggested, an impact of viscosity on coating
homogeneity is observed. Higher ethanol concentration results in
higher viscosity and lower dielectric constants. This eventually
favors the formation of surface assemblages. These simulation
results are in fair accordance with the experimental data where
stronger assemblage formation was seen at higher ethanol concen-
trations. Based on this it may be concluded that physical solvent
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Figure 5. Snapshots of simulated deposits at the highest particle loading for (a) 0%, (b) 30% and (c) 90 % by volume ethanol concentration with particles
colored according to the coordination number (legend). (d) The distribution of CN for these snapshots show how the peak in the CN shifts from 1 to 2 as ethanol

concentration increases.



Journal of The Electrochemical Society, 2022 169 022504

10

Current (A)
&

— 0%

-10 4 —10%
—30%

.15 - 50%
—T70%
—90%

-20 -
-------- no coat

L] L] L] L]
-0.4 0 0.4 08 1.2

Potential vs Ag/AgCl (V)

Figure 7. Exemplary cyclic voltammograms of Pt-Ir wires coated with
PtNPs using increasing ethanol concentrations.

parameters like viscosity and dielectric constant are relevant con-
tributors to coating quality during EPD. Furthermore, spherical NP
surfaces possess larger surface areas compared to smooth and flat
ones, however, it was recently estimated that the pure increase of
GSA due to sub-monolayer NP deposition would have a negligible
impact on the ECSA of the electrode.*’

Therefore, upon revealing the correlation between ethanol con-
centration and coating homogeneity, we investigated how coating
homogeneity, a strong function of solvent composition, would affect
the electrochemical performance of PtNP coated samples. For this
purpose CV (for determining ECSA) and EIS were performed. A
typical cyclic voltammogram of Pt is shown in Fig. 6, illustrating the
various processes taking place during an i-V sweep of a Pt
electrode.”*7>76°78

CV of Pt in H,SOy, is one of the most commonly studied systems
since it produces peaks characteristic of electrode-electrolyte inter-
actions. When the anodic sweep (increasing potential in the positive
direction) begins, hydrogen evolves and the evolved hydrogen atoms
then desorb from the surface. This is followed by surface oxidation
of Pt. When the potential is reversed (cathodic sweep), surface
reduction occurs, followed by adsorption of hydrogen onto the Pt
surface, thereby completing one iV sweep.”” It has been reported
that one hydrogen atom is chemisorbed on each surface Pt atom
(Pt:H = 1:1),3"° making the charge associated with hydrogen
adsorption equivalent to the available ECSA of the electrodes.
Therefore, for ECSA calculations, the area of the CV curve
corresponding to the hydrogen adsorption charge is integrated
(Fig. 6). In the double layer charging strip, the current remains
constant and hence no electron transfer occurs.”

Cyclic voltammograms of DC-EPD coated Pt-Ir wires are shown
in Fig. 7. The measurements were performed in a three-electrode
potentiostat setup as explained before using 1.0 M H,SO, as the
electrolyte. Sulphuric acid produces stable Pt CV curves in
comparison to other electrolytes.”” CV of the coated samples were
sweeped for 20 cycles until the curves stabilised,”® and the 20" cycle
was considered for evaluation. It was observed that the AUC
increased for coatings with ethanol concentrations up to 30 vol.%,
and then decreased gradually, while the 90 vol.% sample looked
similar to that of an uncoated sample (dotted line in Fig. 7).

From the CV curves, ECSA was calculated by integrating the
area associated with the charge of hydrogen adsorption on the
surfaces and plotted against the different volume percentages of
ethanol in colloid mixtures (Fig. 8a). An increasing trend in ECSA
was seen until 30 vol.% after which it decreased. Please note that the
ECSA may also be calculated under consideration of the GSA, with

which roughness factor is calculated. Details on this procedure can
be found in Section S5 of the supporting information, and the
observed trends from both the calculation methods were similar.
Average CSC values (Fig. 8b) of the samples were calculated by
integrated AUC of one CV cycle and compared with increasing
ethanol concentrations. ECSA and CSC are directly proportional to
each other and the obtained results agree with the existing
relationship,®>’ with a significant ECSA increase by an enlarge-
ment factor of 7.

Impedance is the second critical parameter that dictates neural
electrode functionality. Electrochemical impedances of the coated
Pt-Ir wires were measured using a three-electrode potentiostat setup
using 0.9% NaCl solution*”-”* as the electrolyte. A frequency range
from 1 Hz to 100 kHz was measured (Fig. 9a). In medical practice,
chronic deep brain stimulation uses frequencies between 130 and
180 Hz® and the neuronal action potentials are recorded at 1 kHz.%!
We selected these medically relevant frequencies of 150 Hz and 1
kHz and show Z versus volume percent ethanol for each in Figs. 9c
and d. Therefore, at these frequencies, these Z versus solvent
composition results represent stimulation and recording applications.
From Figs. 9c and d, it is observed that the electrode Z decreased
until it reached the statistically significant lowest value for 30 vol.%
ethanol samples, and then increased again. For an optimum neural
electrode performance, we wish to minimize Z in order to transfer
electric charge to the tissues more efficiently. Additionally, the
electrode Z decreases when ECSA increases.®? Therefore, in both the
frequencies (150 Hz and 1 kHz), the samples coated with 30 vol.%
ethanol mixtures display effective results. These findings are in good
accordance with the ECSA measurements and clearly indicate that
EPD in a 30 vol.% ethanol solution yields the most favorable
electrochemical properties of the electrode.

ECSA is a factor that increases when the minute surface areas of
the electrodes are modified by the coating process. In this paper,
spherical NPs are deposited onto surfaces, which increases the
ECSA. Since it was discussed earlier that the GSA increase would
have negligible impact on ECSA of the electrode, it is highly
probable that the higher chemical potential of the laser-fabricated
PtNPs, which exhibit more surface defects and a substantial portion
of oxidized surface atoms,“"83 is the main contributor to the ECSA
increase and Z decrease. Therefore, the functional readouts with an
optimum of 30 vol.% ethanol are in good accordance with our
previous prediction: more extensive and homogeneous coatings
result in better preforming electrodes. Hence, at low ethanol
quantities, the oxygen gas bubble formation reduces surface cov-
erage and coating homogeneity, while at higher ethanol content, high
viscosity favors the formation of aggregated coatings, as experi-
mentally and theoretically observed. While the correlation of
increasing functionality (significantly increased ECSA and de-
creased Z) with increasing coverage is straightforward and explains
the increase of functionality at low ethanol concentrations well, the
impact of assemblage formation and functionality is less straightfor-
ward. In this context, it has to be considered that in order to enable
an efficient charge transfer between the surface-oxidized PtNPs
(possessing high surface areas) and the electrode surface, an
intensive contact (similar to a metallic bond) is necessary.
However, when particles primarily deposit on other particles (as in
assemblages), the GSA might increase but the bonding between the
two particles is weaker than the ones between the electrode surface
and the particles directly on it, giving insulating properties to the
multilayers. As a consequence, electrical contact between the surface
and the particle clusters would deteriorate, leading to an increased Z
and reduced ECSA.

In accordance with our findings, use of ethanol for EPD has
proven beneficial since it was shown to yield smooth and defect-free
coatings.44 Ethanol, when added to water in minimal quantities,
reduces gas bubble evolution by water electrolysis.®* ¢ However,
this ”minimal” value depends on the system being used. In our case,
different ethanol-water ratios (containing up to 90 vol.% of ethanol)
were tested, and by trial-and-error approach it was observed that the
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most homogeneous coatings were obtained when a 30 vol.% ethanol Conclusion

. 86,87
and 70 vol.% water mixture was used. Electrochemistry of Pt electrodes greatly influence their perfor-

mance in almost all applications, especially in neural stimulation and
recording. Here, optimal performance is related to a high ECSA,
high CSC and low Z. In this work, we demonstrate that the coating
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of electrodes with laser-fabricated PtNPs via EPD is a suitable way
to optimize and control their electrochemical properties. In contrast
to all our previous works on EPD using aqueous medium, here we
investigate the influence of solvent composition to optimize the EPD
process of our system. We highlighted the influence of ethanol-water
mixtures, which is frequently used in EPD studies. Our findings
demonstrate that the solvent controls not only the surface coverage,
but also the homogeneity of the deposits. Here, we find an optimum
coating at an ethanol volume content of 30%, where the coatings are
the most homogeneous. This finding can be attributed to two effects:
(i) increasing coating quality with increasing ethanol concentration,
hindering water splitting and gas bubble formation and (ii) the
tendency to form particle assemblages in solvents with higher
viscosity. We also demonstrated the utility of mesoscale computa-
tional simulations in elucidating the basic mechanisms of deposit
formation in sub-monolayer EPD. Lastly, we have found interesting
trends linking surface coating homogeneity with electrode function-
ality (significantly reduced impedance and an ECSA-increase by a
factor of 7) which can pave the way toward optimization of electrode
coating properties for applications in biomedicine.
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Summary:

Upon investigating the influence of applied electric field and solvent composition in the previous
sections, the influence of Pt-based alloy NPs on the electrochemical properties of the electrodes was
studied in the following using neural electrode-relevant materials. For this, the PtNPs were alloyed
with Ir and W, which are the constituents of neural electrode materials and hence might minimally
affect the clinical approval of the coatings. The results generated showed that the Pt90Ir10 alloy NP

could significantly lower the impedance in comparison to the other combinations.
Author contributions:

Design and supervision of the experiments on EPD of NPs using various alloy materials including
their characterization were performed by VR. HR-TEM measurements were performed by JJ and the
XRD analysis was by JaJ. The original manuscript draft was prepared by VR. The review and editing
of the manuscript were carried out by VR, CR, and SB. SB and CR designed the study and supervised
and obtained funding support.
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Platinum-Iridium Alloy Nanoparticle Coatings Produced
by Electrophoretic Deposition Reduce Impedance in 3D

Neural Electrodes

Vaijayanthi Ramesh!, Jacob Johny!, Jurij Jakobi!, Christoph Rehbock! and Stephan Barcikowski'*

L Technical Chemistry I, University of Duisburg-Essen and Center for Nanointegration Duisburg-Essen

(CENIDE), Universitaetsstr. 7, 45141 Essen, Germany.

Abstract

Platinum-based neural electrodes frequently alloyed with Ir or W are routinely used for the
treatment of neurological conditions like movement disorders. However, the performance of neural
electrodes is hampered by impaired electrical contact of the electrode and tissue or physiological
reactions that compromise long-term implant stability. Though there are multiple coating tech-
niques available to address this issue, electrode, and base material often exhibit a compositional
mismatch, which not only impairs mechanical stability but can also lead to toxicological side
effects that limit clinical approval. In addition, it is known that iridium has beneficial electro-
physiological properties. Hence, a coating with a composition closely matching the electrode
base material, that is a Pt-Ir or Pt-W alloy depending on the electrode application, is in high
demand. To this end we coated Pt wire electrodes with organic ligand-free electrostatically stabi-
lized colloidal Pt901r10, Pt90W10, and Pt50W50 alloy nanoparticles (NPs) using electrophoretic
deposition (EPD) with direct-current (DC) and pulsed-DC fields in aqueous medium. Pt coat-
ings were utilized as controls. The generated alloy NPs exhibit a solid solution structure as
evidenced by HR-TEM-EDX and XRD, though additional WO, phases were identified in the
Pt50W50 samples. Consequently, coating efficiency was also impaired in the presence of high
W mass fractions in the alloy NPs. Characterization of the NP coatings by cyclic voltammetry
and impedance spectroscopy yielded a significant reduction of the impedance in the Pt90Ir10
sample in comparison to the Pt control. The electrochemical surface area (ECSA) of the PtW
alloy coatings, on the other hand, was significantly reduced. Based on these findings it may be
concluded that alloying PtNPs in neural electrode coatings with low portions of Ir significantly
improves the electrode’s electrochemical performance, while the addition of W is less beneficial,

probably due to the formation of oxide phases.

Keywords: Biomaterials, laser ablation in liquids, laser fragmentation in liquids, cyclic voltammetry,

tungsten oxide, ligand-free nanoparticles, and surface charge.

1 Introduction

Neural electrodes made of noble metals like platinum (Pt) are often coated with Pt or platinum-

based alloy micro- and nanostructures for the purpose of surface modification!t). These coatings
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are pseudocapacitive in nature, which means the charging and discharging process during neural
stimulation is highly reversible, i.e., no unwanted chemical byproducts are formed (2. Recent studies
indicate that platinum-based alloy coatings possess better electrochemical properties than their Pt
counterparts3], and the most frequently applied alloy coating is platinum-iridium (Ptlr) [4536.7] Pt
alloy was electrodeposited on cochlear implants, resulting in decreased impedance (Z), which could
improve the sound quality and spectral resolution®, significantly increased charge storage capacity
(CSC), and decreased Z[6]. Cassar et al. electrodeposited Pt60Ir40 coatings onto commercially
available 16-electrode microwire arrays, implanted them in Parkinson’s rat models for 12 weeks, and
tested them for single-unit recording capabilities. Their coated electrodes showed reduced Z, reduced
noise, and increased signal-to-noise ratio’l. Similarly, Petrossians and co-workers electrodeposited
Pt601r40 coatings on Pt microelectrode arrays and investigated their performances. They observed an
increased electrochemically active surface area (ECSA), more than two orders of magnitude decrease
in Z, and an increase in capacitance of these coatings in comparison to a simple Pt coating!"3]. It
should be noted that in all of the above-mentioned studies, the Ptlr coatings were produced directly
from an electrolyte containing Pt and Ir salts. Furthermore, a few studies have also investigated the
performance of tungsten (W) microwires for the purpose of neural recording. Prasad and co-workers
implanted W microwire arrays into the cortex of rats and monitored their Z daily. They observed a

continuous increase in the Z value during a 5-week period (89,

In this context, electrophoretic deposition (EPD) of laser-fabricated nanoparticles (NPs) is an attrac-
tive and simple technique to modify surfaces of different geometries. These purely electrostatically
stabilized NPs are free from ligand contaminants and hence the deposition rate linearly increases

s[10.11] " Since laser-generated NPs

with time, which allows excellent scaling of the deposition proces
are spherical in nature, they possess a high surface area-to-volume ratio, which could also help in the
increase of ECSA. Previously, we performed EPD of PtNPs on 2D surfaces to optimize the process
parameters[11] and investigated the in vivo functionality of EPD-coated neural electrodes by implant-

ing them into the subthalamic nucleus of model rats[*2].

In our more recent work, we compared the
coating homogeneity and electrode performance of PtNP-coated neural electrodes by applying direct
current (DC) and pulsed direct current (PDC) electric fields!!3]. It was observed that due to the
pulsation of the applied electric field in PDC-EPD, the homogeneity of the surface coatings increased
in comparison to the ones coated using DC fields, which significantly decreased the electrode Z. To
study the influence of solvent composition during EPD, we also examined the process in the presence
of ethanol-water mixtures and observed a seven-fold increase in ECSA at an ethanol mass content of
30%14!. To test the mechanical stability of the EPD-generated Pt-nanocoatings, in vivo and in vitro
stability tests were performed and delamination in simulated brain environments was shown to be
minimal. Furthermore, the Pt mass released into the explanted in vivo brain sections was four times
lower in magnitude than those reported in Pt-nanotoxicity literature and the mechanical stability of

the nanocoatings was high even after 4 weeks of in vivo stimulation [*°]

. Moreover, postoperative re-
covery and histological analysis revealed that NP coating did not affect glial reactions or neuronal cell
count, showing that coating with NP < 10 nm may improve electrode impedance stability without

affecting biocompatibility 12,

In the present work, we systematically investigate the electrochemical performance of EPD-
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coated neural electrodes using laser-generated Pt alloy NPs: Pt90W10, Pt50W50, and Pt90Ir10
(mole fractions). Ptlr and PtW alloys were chosen as they are already frequently utilized as part of
neural electrode base material and hence using the same elemental combinations for base material
and coating could ease clinical approvals. In this context, we aim to evaluate whether the beneficial
electrochemical features of Ptlr coatings, previously reported in the case of electrodeposition from
salt precursors are transferable to ligand-free Ptlr NPs deposited on electrode surfaces. Furthermore,
we aim to evaluate the performance of the underexplored PtW as a potential coating material. The
colloidal alloy NPs were generated using laser processing in liquids using Ptlr and PtW alloy target
base materials and characterized using UV-Vis extinction spectroscopy, analytical disc centrifuge
(ADC), high-resolution transmission electron microscopy (HR-TEM) and X-ray diffraction (XRD).
EPD surface coatings were probed using scanning electron microscopy (SEM). The ECSA and CSC
of the coated electrodes were measured using cyclic voltammetry (CV) and the Z values were
measured using electrochemical impedance spectroscopy (EIS). Furthermore, the capacitances of

coated electrodes were calculated by fitting the EIS data with an equivalent circuit (EC) model.

2 Materials and Methods

2.1 Preparation of ablation targets

For PtW NP synthesis, the corresponding ablation targets were produced by weighing, homogenizing,
pressing, and heat-treating (in an argon atmosphere) the Pt and W micro powders (Alfa Aesar,
Haverhill, USA). Two different Pt:W molar ratios were prepared, 90:10 and 50:50. The powders
were homogenized using a mortar and pestle for 15 min before pressing the mixture at 200 MPa
into circular targets of 10 mm diameter and 1 mm thickness. The targets were heat-treated in an
argon atmosphere for 23 h at 900° C. A thin oxide layer formed on the heat-treated surfaces was
later removed by sanding. For the synthesis of Pt and Ptlr NPs, the commercially available ablation

targets (10 x 10 x 1 mm) were utilized (Goodfellow GmbH, Hamburg, Germany).

2.2 Nanoparticle synthesis

Ligand-free NPs of Pt, PtoOW10, Pt50W50, and Pt90Ir10 were synthesized in deionized water via

laser processing in liquids using procedures and parameters previously described elsewhere (13141 |

n
brief, the metal targets were ablated in Milli-Q water and a self-designed stirred batch reactor with a
volume of 30 mL using an Nd:YAG laser (Ekspla, Atlantic series, 10 ps, 1064 nm, 9.6 mJ, 100 kHz)
followed by laser fragmentation in liquids (LFL) using a nanosecond laser (Innolas, Spitlight, 9 ns,
532 nm, 84 mJ, 100 Hz, 1.5 J/cm?) to tune NP size distributions. Fragmentation was conducted in

(131, Highly concentrated colloids obtained after LFL were diluted to

a cylindrical jet passage reactor
a concentration of about 100 ug/ml (confirmed via UV-Vis extinction spectroscopy) using Milli-Q
water. The pH values of all the colloids (each of around 20 ml in volume) were adjusted to 11 using

10-20 pul of 0.1 M NaOH solution prior to EPD.
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2.3 Nanoparticle characterization

UV-Vis absorbance spectra of the colloids before and after EPD were obtained using a UV-Vis
extinction spectrometer (Evolution 201, Thermo Scientific) in the wavelength range of 190-900 nm
using a quartz cuvette with 10 mm path length to determine the deposited mass of NPs on target
surfaces (Figure S4)113]. The area under the curve (AUC) between 190-900 nm was integrated and
quantified using calibration curves based on Pt and alloy colloids with known mass concentrations
(Figure S5). The hydrodynamic diameters of the colloids were determined using an analytical disk
centrifuge (ADC, CPS Instruments, DC 24000 UHR) at 22000 rpm. The measurement was based on
the sedimentation of particles through a sucrose sugar gradient and photometric detection of different
size fractions at 405 nm. The HR-TEM measurements were carried out with a Cs aberration-corrected
HR TEM Jeol 2200F at 200 kV. For this, the samples were placed on Cu grids (300 mesh) with
carbon supporting film. Additionally, EDX line scans were performed using a windowless 80 mm?
SDD X-MaxN 80 TLE detector Oxford with 0.21 sr solid angle. The synthesized colloids were freeze-
dried, homogeneously spread on silicon wafers and the phase analysis was performed using XRD
(Bruker D8 Advance, Cu K, radiation, A = 1.54 A; 40 kV, 40 mA) in the 20 range of 10-90°.

2.4 Platinum-Iridium substrates

PTFE-coated Pt-Ir (90:10) wires of 76 um diameter (Science Products GmbH, Germany) were used
as coating substrates. The wires were cut into 20 mm long pieces. The PTFE isolations were
removed on either end yielding about 4 mm of exposed wire. One end of the wires was soldered to
an electrical plug pin and the other end was immersed into the NP colloid for deposition. The ends

to be coated were washed thoroughly with ethanol prior to EPD.

2.5 Electrophoretic deposition

Pt-Ir wire electrodes were coated via EPD using a custom-made chamber[!l] and by applying DC
or PDC electric fields. The positive pole of the power supply was connected to the electrodes and
the negative terminal was connected to the surrounding metal counter electrode. The chamber was
filled with 600 pL of the respective Pt-based colloid and magnetically stirred during deposition to
avoid sedimentation. DC depositions were carried out at 5 V/cm for 5 min and PDC depositions at
5 V/cm, 1 us period, and 50% duty cycle for 10 min. Scanning electron microscopy equipped with
energy dispersive X-ray analysis (SEM/EDX, Thermo Fisher Scientific, Apreo S LoVac; operating
voltage: 5 kV) was used to analyze the deposit quality by mounting the wires onto aluminum sample

holders and electrical contact was established using conductive copper wires.

2.6 Electrochemical characterization

To determine the electrochemical properties of the coated Pt-Ir wires, the samples were characterized
using a three-electrode setup potentiostat (VersaSTAT 3F, AMETEK Scientific Instruments). A Pt
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wire was used as a counter electrode and Ag/AgCl served as a reference electrode. Coated or

uncoated Pt-Ir wires acted as working electrodes.

CV measurements were carried out in 1.0 M sulphuric acid solution. The vertex potentials
were set between -0.2 and 1.2 V (vs RHE) and the scan rate was 0.2 V/s. Before measurements,
the electrolyte was purged with nitrogen for 45 min and thereafter for 5 min between consecutive
measurements. Twenty cycles were performed for each sample and the ECSA was calculated from

the voltammogram using!16:17]

ECSA=Qu/Qa (1)

where Q) is the charge associated with the hydrogen adsorption peak and @, is the theoretical

charge density of polycrystalline Pt surface, 210 pC/cm?. [18,19,20,2]

Z measurements were performed in potentiostatic EIS mode in a frequency range from 1 Hz
to 100 kHz by applying an AC,,,s value of 10 mV and using 0.9% NaCl as the electrolyte (Figure
S3). The obtained data was plotted in Bode format (Z,,q4 vs frequency) and Z values at medically-
relevant frequencies (150 Hz and 1 kHz) were examined. Additionally, the CSC was calculated via

the CV enlargement factor (integrating the AUC of one CV cycle[?1:22]).

2.7 Statistical analysis

All data points are presented as mean values + standard deviation. Statistical analysis was performed
in OriginLab (v. 2020b) software. One-way ANOVA statistical evaluations were performed on the
data with Tukey's test as a post hoc comparison. The « value was set to 0.05, and the levels of
statistical significance are represented as *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001.

3 Results and Discussion
To evaluate the performance of Pt alloy NP-coated neural electrodes, ligand-free colloidal Pt90W10,

Pt50W50, and Pt90Ir10 NPs were synthesized using laser processing in liquids, as previously de-

scribed[13]. The PtNPs were used as a reference.
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Figure 1: (a) UV-Vis extinction spectra of Pt & Pt alloy NPs. (b) Average hydrodynamic number-
weighted particle size distribution of the synthesized NPs using ADC. Particle size distributions using
TEM of (c) Pt (d) Pto0W10 (e) Pt50W50 & (f) Pt90Ir10 NPs by measuring the Feret diameter.
Representative TEM images, mean diameter, number of measured NPs (# NPs), and polydispersity

index (PDI) values are given as inserts. All scale bars in c) to f) are 50 nm.

Figure 1(a) shows the UV-Vis extinction spectra of the laser-generated alloy NPs. The charac-
teristic Pt peak at around 220 nm could be observed. This absorbance peak is obtained from the
Pt* complexes and can be correlated with the surface oxidation of PtNPs due to laser ablation in
water[1123] " Since there is only 10 wt.% of W in PtoOW10 and Ir in Pt90Ir10 present, their char-
acteristic peaks are hardly visible, which may also indicate successful alloying (please see below for
structural analytics). On the other hand, in Pt50W50 colloid, a shoulder at around 300 nm could be

seen, indicating the presence of WO, or WO3[24].
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Size distributions of the laser-generated Pt, Pt90W10, Pt50W50, and Pt90Ir10 NPs obtained by
measuring the Feret diameter of more than 500 NPs in each sample are depicted in Figure 1(c-f). All
samples feature narrow size distributions with most particles in the range of 5-10 nm, irrespective of
the elemental composition in the ablation targets. While pure PtNPs show the largest mean size of
around 9.5 4= 3.9 nm, the alloy NPs of PtW and Ptlr show a mean size of 7.6 = 2.7 nmand 6 + 1.6 nm,
respectively. The PDI of the samples is in the range of 0.07 to 0.38, which indicates monodispersity of
the samples[252627]  The particle size distributions were further confirmed via ADC measurements
and the trend displaying the largest mean diameter in Pt was confirmed (Figure 1(b) and Figure
S3). Differences in the overall particle diameters between ADC and TEM are probably attributed to
different measuring principles and the fact that ADC determines hydrodynamic diameters while Feret-
diameters are derived from TEM. Often, laser ablation in liquids (LAL) leads to the formation of NPs
with a broad size distribution due to the overlaying of different ablation mechanisms!28l. However,
more narrow size distributions were obtained by consecutive LFL which leads to fragmentation of all
particles exceeding a threshold diameter of around 10 nm[293%] In the present study, the synthesis
of Pt and Pt-alloy NPs with similar average particle sizes was a mandatory prerequisite for the

reasonable comparison of material-specific electrochemical properties.

For further confirmation of the composition of the laser-generated NPs, powder XRD was
performed on dried Pt and Pt-alloy NP samples to determine their crystalline nature on a bulk scale.
Figure 2(a) shows the powder XRD diffractograms of Pt, Pto0W10, Pt50W50, and Pt90Ir10 NPs
within the 20 region 10°-90°. As evident from the diffractograms, all samples exhibit major reflections
at 26 positions 39.7°, 46.2°, 67.5°, 81.3°, and 85.7°which corresponds to (111), (200), (220), (311),
and (222) crystal planes of fcc-Pt, respectively. This indicates that Pt atoms provide the host platform
for the unit cell formations in the alloy samples where W or Ir atoms are incorporated according to
the elemental composition of the respective alloy. Other authors also reported similar XRD patterns
for PtW NPs synthesized by the thermal decomposition of W and platinum carbonyl clusters under

a controlled atmosphere[31 and Ptlr NPs by a super hydride-ethanol reduction method 32

The additional reflections observed in Pt50W50 NPs could be attributed to the tetragonal phase
of WO3 (JCPDS #89-1287) which could have been formed as a byproduct of the Pt50W50 alloy
target in Milli-Q water as also indicated in the UV-Vis spectra (Figure 1a). However, the crystalline
oxide phases were not detected in other compositions probably due to the much lower wt.% of W or
Ir compared to Pt. Between the 26 regions of 80°-88°of Pt90W10 NPs, major fcc reflections (311)
can be observed. A shoulder reflection (222) of low intensity is observed at higher 26 angles. Since

[33.34]) the emergence of such a shoulder

Pt and W have similar atomic radii (approx. 0.139 nm
peak could not be attributed to the contraction of the unit cell and thus decrease in the lattice
parameter due to the incorporation of W atom into the Pt unit cell. Instead, it might have resulted
from a strain-induced contraction of the unit cell due to the alloy formation. When the W content in
the ablation target was further increased from 10 wt.% to 50 wt.%, the double fcc reflections were
merged and a single wider fcc reflection in the Pt50W50 in the 26 range of 80°-88°is observed. This
multiple fcc character is often observed in the case of laser ablation of binary alloy targets in liquids
as previously reported for Co-Aul3®! and Fe-Aul39! alloy NPs. However, it should be noted that in

those cases, the multiple fcc phases were mainly attributed to the substitution of one element by
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the other in the alloy which differs in their atomic radius thus leading to the increase or decrease
of the unit cells. However, in general, the XRD analysis of the Pt and Pt-based alloys in the
current study confirms the formation of the alloy phases due to the absence of individual crystalline
metallic phases in the collected diffractograms. Rietveld refinement analysis would be required to
further substantiate diffraction peak shifts by Pt alloying, which is beyond the scope of this work, in
particular as HR-TEM-EDX studies have been carried out on the NPs.
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Figure 2: (a) XRD of Pt- and Pt-alloy NPs. EDX line-scan of single NPs obtained by laser processing
in water (b) Pt, (c) Pt90W10, (d) Pt50W50, and (e) Pt90Ir10.
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Figure 2(b-e) shows a single particle HR-TEM of the laser-generated NPs overlayed with their
respective EDX line scans. All line scan results indicate a homogeneous elemental distribution within
the NPs, which points to the formation of a solid solution structure. In line with these results,
PtWB7 and PtIr38 particles have already been reported to form homogeneous solid solutions in the
literature. Additionally, the varying intensities of the W line scan in Figure 2(b) and (c) confirm the
presence of alloy phases with different Pt:W elemental ratios. Therefore, we can assume that the
synthesized Pt- and Pt-alloy NPs possess a solid solution structure with a homogeneous elemental
distribution with expected ratios dictated by the composition of the respective alloy targets. However,

the potential presence of amorphous oxide phases cannot be fully excluded based on these findings.

The NP colloids were diluted to a concentration of 100 ug/ml, adjusted to a pH of 11, and
used for DC- (5 V/cm, 5 min) and PDC-EPD (5 V/cm, 1 us period, 50% duty cycle, 10 min) on

[13] Since we show in our previous work that the

Ptlr electrode surfaces, as previously described
PDC-EPD produces more homogeneous and reproducible deposits when compared to DC-EPD, only
the results obtained from PDC-EPD are shown below. The results from DC-EPD are given in section
S6 of the supporting information. Figure 3a summarizes the mass deposited on the wire electrodes
determined by UV-Vis extinction spectroscopy. Here, we quantified the AUC in a spectral range from
190 to 900 nm and used Pt colloids with known mass concentrations for calibration (see also section
S4 in supporting information). Figure 3b-e also displays representative SEM images to characterize

coating morphology.
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Figure 3: Electrophoretic deposition of Pt and Pt alloy NPs: (a) Normalized mass deposited on the
neural electrode surfaces, and (b—e) Exemplary SEM images obtained from the sides of the coated

samples after EPD using Pt and Pt alloy NPs. Scale bars are 500 nm.

It can be seen from Figure 3 that the deposition of Pt and Ptlr NPs was evenly efficient. However,
in the samples coated with Pt50W50 NPs, the mass deposition was lower, which could be a hint
for a decreasing coating efficiency with increasing W content, a phenomenon probably correlated
with the presence of WO3 oxide phases (compare XRD and UV-Vis extinction spectroscopy results).
Khoo et al. reported that the yield of electrophoretically deposited WOg3 nanorods produced a low
yield due to the screening effect of oxide layers present on the nanorod surfaces[39. Additionally, it
has also been reported that the oxide layers influence and potentially weaken the negative surface

charge of NPs (due to the voltage drop across the oxide layer). This goes along with a drop in
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electrophoretic mobility, the driving force of EPD!9. This kind of reduction in the particle mobility
could be the reason why the Pt50W50-coated samples have lower deposition rates and consequently

lower deposited mass, which may be directly proportional to the oxide layer thickness!39.
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Figure 4: Cyclic voltammetry analysis on the coated electrodes: (a) Average ECSA values (N = 3, «
= 0.05), and (b) Average CV enlargement factor (CSC) of the electrodes calculated by integrating
the area under the curve of CV cycles (N = 3, a = 0.05).
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Figure 5: Electrochemical impedance analysis on the coated electrodes: (a) Average Z values at
150 Hz (N = 3, o = 0.05), (b) Average Z values at 1 kHz (N = 3, a = 0.05), and (c) Average
capacitance values fitted with an EC model (N = 3, o = 0.05).

In neural stimulation electrode applications, the ECSA and Z values play an important role in deter-
mining electrode performances. Furthermore, the ECSA and capacitances are inversely proportional
to the Z values[?%#1l. From Figure 4(a) and Figure 4(b), it is obvious that the ECSA and CSC val-
ues of Ptlr coatings are comparable with those of the Pt coatings. However, the ECSA of Pt50W50
coatings was significantly lower than that of the Pt samples. Additionally, the CSC values of both
Pt90W10 and Pt50W50 were significantly lower than those of Pt-coated samples. The effect of Ptlr
coatings increasing the ECSA is however clearly visible in DC-EPD coatings (section S6). Although
DC-EPD produces more aggregated deposits than PDC-EPD, the ability of Ptlr to produce more
sponge-like coatings[#243] could have been the reason for such a highly visible difference in the values
(Figure S8). On the other hand, the Z values of Ptlr-coated electrodes were significantly lower than
Pt-coated electrodes. The EIS spectrum of a representative Ptlr sample was almost flat (Figure S6).
Furthermore, the fitted capacitances of the Ptlr electrodes were the highest among all four variants
(Figure S6). This trend is also confirmed by the DC-EPD, where the effect is more pronounced. The

reduced deposition rate of PtW NPs discussed above could be the reason for this kind of Z increase.
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According to the available literature, both Ptlr and PtW alloy materials were found to be non-toxic
and biocompatible¥. Using these alloy combinations would help in easing the market approvals as Ir
and W are already used as additives in base materials for neural electrode manufacturing. In line with
our observations, Petrossians et al. found a decreased Z and increased capacitance values of Ptlr
coatings in comparison to the ones performed using Pt!3l. Dalrymple et al. also found a significant
increase in CSC and a significant decrease in Z under chronic in vivo settings of Ptlr-coated cochlear
implants!®l. In this context, the Ptlr coatings were reported to possess an elevated electrochemical
performance in comparison to smooth Pt controls. Here, it is also reported that Pt is more prone to
corrosion during long-term stimulations, while Ptlr can deliver consistent charges over longer periods
indicating superior electrochemical stability[045:46:47]  On the other hand, there are very few studies
using W to reduce the Z of neural electrodes[*®!. Recently, a pilot study by Shuang et. al produced
nanoporous W via chemical etching resulting in low Z and high conductivity, however, the main dis-
advantage is a lack of available research data in this field 9. Also, W may be beneficial in reducing
Z via chemical etching or similar methods, however, these effects could probably not be harvested in
EPD coatings due to partial particle oxidation as reported above. Therefore, while the performance
of PtW-NPs seems less beneficial for coatings of neural electrodes where a low Z and high ECSA are
desired, the EPD coatings generated using Ptlr NPs produce desirable electrochemical performance

in neural electrodes compared to the pure Pt.

4 Conclusion

Neural electrodes are commonly made of Pt and Pt-based alloys containing W or Ir. As the electrical
contact between electrode and tissue as well as the electrochemical or electrophysiological properties
should be as good as possible, indicated by low impedance in vitro and in vivo, new methods for
coating neural electrodes with metal and alloy NPs are in high demand. However, for future clinical
approval of coated implantable electrodes, close elemental matches between the base material and
coating are beneficial, which significantly limits the options for coating variants. Moreover, it is
known that iridium and iridium alloys provide beneficial electrophysiological properties. To this
end, we synthesized fully ligand-free, solid solution Pt90Ir10, ProOW10, and Pt50W50 alloy NP
colloids with mean diameters of 5 to 10 nm by laser processing in liquids and deposited those on
commercial Pt electrodes utilizing the EPD technique. Electrodes were characterized for performance
by evaluating their impedance (Z) and ECSA in correlation with the coatings. We could demonstrate
that alloying Pt with only 10% Ir yielded an increase in the ECSA as well as a significant reduction
of the impedance. The addition of W, on the other hand, proved to be less favorable. The PtW
coatings were overall less homogeneous, potentially associated with the presence of oxide phases,
which reduced ECSA and increased impedance. As Pt90Ir10 NP coatings by EPD were shown
to be beneficial for neural electrode performance, consecutive steps should include more thorough
investigations of this material system. Here a variation of the Pt:Ir ratio could be beneficial for
further optimization of performance. Furthermore, an enhancement of the Ptlr coating process
should be performed as a follow-up investigation, utilizing e.g. ethanol-water mixtures which have

been demonstrated to be beneficial for Pt(**, complemented by tests of mechanical stability %! and
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in vivo performance®?. The PtW coatings on the other hand seem to be less beneficial for coating

of neural electrodes where low Z values are desired, however, applications requiring high Z materials,

e.g. for recording or sensing may benefit from the PtW-coated base materials.
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6 Influence of Platinum Nanoparticle Coatings on the In vivo Be-

haviour of Neural Electrodes

Unpublished results under review:

Coating of neural electrodes with platinum nanoparticles reduces and stabilizes
impedance in vitro and in vivo in a rat model

Svilen D. Angelov!, Christoph Rehbock?, Vaijayanthi Ramesh?, Hans E. Heissler!, Mesbah Alam!,

Stephan Barcikowski?, Kerstin Schwabe!* and Joachim K. Krauss'

! Department of Neurosurgery, Hannover Medical School, Carl-Neuberg-Str. 1, 30625 Hannover, Germany
2 Institute of Technical Chemistry I, University of Duisburg-Essen and Center for Nanointegration Duisburg-Essen

(CENIDE), Essen, Germany

Summary:

From the previous sections, the PDC EPD was found to perform superior to the DC EPD
coatings. However, the question still remains on the in vivo behavior of the PDC coatings in rat
models. Therefore, neural electrodes were coated using PtNPs via PDC EPD, intracranially implanted
into the STN of rats, and stimulated long-term to determine their in vitro and in vivo characteristics.
It was observed that the coated electrodes reduce impedance in vitro and favor stimulation efficiency
and may support the prolonged battery life of the pulse generator. The optimized PtNP coatings

might also enhance the quality and durability of chronic recording and stimulation in patients.
Author contributions:

Design, implantation, and study of the in vitro and in vivo behavior of the nano-coated electrodes
were carried out by SDA, HEH, and MA. The electrodes were electrophoretically deposited using
PtNPs and the coating characterizations were performed by VR. The original manuscript draft was
prepared by SDA and KS. The review and editing of the manuscript were carried out by SDA, CR,
VR, HEH, MA, SB, KS, and JKK. JKK and KS designed the study, supervised, obtained funding

support, and promoted collaborations between the institutions.
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Coating of neural electrodes with platinum
nanoparticles reduces and stabilizes impedance in vitro
and in vivo in a rat model

Svilen D. Angelov!, Christoph Rehbock?, Vaijayanthi Ramesh?, Hans E. Heissler!, Mesbah Alam®,

Stephan Barcikowski2, Kerstin Schwabe!*, Joachim K. Krauss!

1 Department of Neurosurgery, Hannover Medical School, Carl-Neuberg-Str. 1, 30625 Hannover, Germany.

2 Technical Chemistry I, University of Duisburg-Essen and Center for Nanointegration Duisburg-Essen

(CENIDE), Universitaetsstr. 7, 45141 Essen, Germany.

Abstract

Background: Chronically implanted electrodes are used for neural recording and stimulation
in the context of deep brain stimulation (DBS) for the treatment of various neurological disorders.
The efficacy of stimulation critically depends on the stable impedance of the electrode contacts
and reliable delivery of electric energy to the adjacent neuronal tissue.

Methods: Pulsed direct current (pulsed-DC) was applied to coat platinum-iridium electrodes
through the process of electrophoretic deposition (EPD) using laser-generated platinum nanopar-
ticle colloids (PtNPs). Electrodes that were immersed in the colloid without an electric field and
uncoated electrodes served as controls. Before and after surface coating the impedance of the
electrodes was measured. In the in vitro study, the electrodes were stimulated for weeks in a
0.9% NaCl solution and the electrode impedance was assessed. In the in vivo study, NP-coated
electrodes were implanted in the left subthalamic nucleus (STN) of rats, the left STN received
uncoated electrodes. After a recovery period of two weeks, the animals were subjected to four
weeks of chronic stimulation, during which impedance measurements were conducted after each
week of stimulation.

Results: Coating with PtNP resulted in a significant reduction in electrode impedance (pj0.05),
which remained lower than that of uncoated electrodes during in vitro stimulation for four weeks.
After implantation intracranially in the STN, the electrodes coated with NP exhibited an ini-
tial increase in impedance, which subsequently declined to lower values during stimulation for
four weeks. Electrodes coated with NP had a lower fluctuation of impedance during stimulation
compared to uncoated electrodes in vitro and in vivo (p < 0.05).

Conclusions: Laser-generated PtNPs applied to electrodes by pulsed DC-EPD lead to constant
lower electrode impedance during chronic stimulation. The more stable impedance may have the
potential to enhance the performance of DBS systems during chronic use.

Keywords: Nanoparticles, Electrophoretic Deposition, Deep Brain Stimulation.

1 Introduction

Neural electrodes are implanted in the brain for the recording of neuronal activity and for elec-
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trical stimulation both in acute and chronic settings®. In particular, deep brain stimulation (DBS)
with the option of closed-loop adaptive stimulation has gained widespread attention®3. The ef-
ficacy of the electrodes depends on the material properties which account for stabilization of the
electrode impedance directly affecting electrical stimulation or recording. Approaches in this con-
text are nanoscopic structuring by chemical surface modification techniques*, laser-based patterning
techniques?®, or deposition of nanoscale materials on the electrode surface by either sputtering of irid-
ium oxide® or chemical reduction methods (platinum grass)”:89. These techniques reduce electrode

8,10

impedance®*, although in vivo performance remains to be proved in long-term applications.

In addition, several alternative techniques for depositing nanoparticles onto electrodes are avail-
able, including methods such as physical vapor deposition (PVD), chemical vapor deposition (CVD),
dip coating, and spin coating. However, the choice of deposition method depends on the specific
requirements of the electrode-tissue interface and the desired performance characteristics. Laser-
based NP deposition could be used to create specific electrode geometries or surface structures that
improve the contact between the electrode and the neural tissue. The deposition of IrOx and Pt-
grass deposition are aimed at enhancing the conductivity and stability of the electrode materials.
The advantages of EPD for nanoparticle deposition on electrode surfaces can include uniformity,

adhesion, tailored properties, thickness control, simplicity, and efficiency.

Electrophoretic deposition (EPD) is another well-established coating method for solids, based
on the movement of charged colloidal particles in an electric field towards an oppositely-charged
counter electrode, followed by controlled deposition of the particles on the surface. Next to industrial
and energy applications, EPD is used to generate biomaterials, including neuro-electrodes!!. In
contrast to other modification methods, however, the EPD of laser-generated platinum nanoparticles
(Pt-NP) on the surface of platinum-iridium (Pt-Ir) electrodes increased their impedance in vitro!2.
After intracranial implantation in a rat model, impedance was even further enhanced, temporarily.
Nevertheless, this effect was lowest for electrodes coated with particles < 10 nm, which also showed
the most stable impedance dynamics during stimulation for three weeks, while the impedance of the

uncoated electrodes continued to increase over time.

Different from DC-EPD, during processing with pulsed DC EPD, the field is turned off 50% of the
time, which counteracts electroosmotic and electrohydrodynamic forces and avoids the formation of
assemblages®3. Indeed, pulsed DC EPD yielded homogeneous coatings on Pt-Ir electrodes, while large
assemblages dominated the DC-EPD-coated samples. Moreover, the pulsed DC coatings reduced the
impedance in comparison to the uncoated and DC EPD-coated electrodes'*. So far, the mechanical
stability of pulsed DC EPD coatings has been verified in vitro and in vivo, thus supporting the clinical

applicability of the designed coatings®.

Here we examined whether the impedance of neural electrodes coated via pulsed DC EPD
would change after intracranial implantation in rats, followed by four weeks of in vivo stimulation.
These studies are complemented by four weeks of in vitro stimulation of NP-coated and uncoated
electrodes in saline solution. From a fundamental viewpoint, these experiments will help to clarify
how the impedance of electrodes changes in vivo based on the initially applied coating properties.

Furthermore, these experiments may help to elucidate to which extent changes in impedance during
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long-term in vivo trials depend on the properties of the electrode, the interactions with the brain

tissue, the 130 Hz frequency stimulation, or a combination thereof.

2 Materials and Methods

2.1 Experimental Design

First, the impedance of bipolar electrodes was measured in vitro. Electrodes were coated via elec-
trophoretic deposition using pulsed DC-generated electric fields or left uncoated. In the latter case,
electrodes were dipped into the NP colloids in the absence of a directed external electric field. After

that, impedance dynamics were studied during 4 weeks of electrostimulation in vitro and in vivo.

For the in vitro study, coated and uncoated control electrodes (n=8 each) were immersed in
0.9% NaCl solution, in separate wells of a standard 24-well cell culture plate with a modified lid with
openings, fixators, and contacts for the electrodes (Figure 1). The electrodes were left unplugged for
two weeks (to simulate the in vivo postoperative period); after that continuous electrostimulation

was conducted for 4 weeks.

For the in vivo study, electrodes were bilaterally implanted in the STN of rats (n=8) with coated
electrodes frequently implanted in the left hemisphere and uncoated in the right hemisphere for
internal control. After two weeks of postoperative recovery, the animals received chronic stimulation

for 4 weeks.

Impedance was assessed in vitro and in vivo after the 2 weeks recovery period and each stimula-
tion week. At the end of the in vivo experiment, the rats were sacrificed, perfused with paraformalde-

hyde and the brains were histologically processed for Nissl staining.

A 2-weeks 4-weeks stimulation
immersion
in-vitro ¢ i Jin venicle i i ‘I’ i
in vivo I 1 ) I -
intracranial
before after implantation 1st week 2nd week 3 week
coating 4th week

Figure 1: (A) Schematic representation of the in vitro/in vivo experiments with impedance mea-
surements depicted as °. (B) For in vitro measures the electrodes were immersed in 0.9% NaCl in a
stimulation chamber. (C) For in vivo measures, the rat’s head stage was connected to the stimulation

device, and impedance was measured in the awake, free-moving rat once a week.
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2.2 Nanoparticle synthesis

PtNPs for the EPD coating process were fabricated by laser processing in liquids using a two-step
procedure, including a process termed Laser ablation in Liquids (LAL) of a Pt target in water, yielding
a polydisperse Pt colloid, and subsequent laser fragmentation in liquids (LFL) in a liquid jet reactor
which leads to an efficient particle size reduction and a narrowing of the particle size distribution.
Details on the synthesis process and further colloid characterization can be found here in our previous

work 14,

2.3 Electrodes and Coating

Bipolar electrodes were made of two parallel Pt90Ir10 wires insulated with PTFE (¢ = 0.0055 with
insulation; ¢ = 0.003 uninsulated; Science-Products GmbH, Hofheim, Germany), placed in a 0.55
x 17 mm stainless steel tube cut from a 24G syringe needle. At the contact end, both wires were
uninsulated leaving a 500 pum long bare surface with approximately 250 pum intercontact distance.
Contact pins were soldered to the other end. The electrode tip was cleaned and conditioned before
coating by immersing it in 65% nitric acid for 15 min. After that, it was rinsed thoroughly with

distilled water.

The NPs were deposited on the neural electrode contact surface via EPD using pulsed DC
electric fields, a procedure described in our previous work in more detail'#. In short, pulsed DC fields
(50% duty cycle, 1 us period) with a field strength of 5 V/cm and a deposition time of 10 min were
applied. The deposition was carried out in an aqueous solution at alkaline pH. In total, 16 samples
were coated for in vitro and in vivo stimulation experiments. As controls, another 16 electrodes were

immersed in the Pt colloids for 10 min without applying an electric field.

2.3.1 Impedance Measurement

The impedance of the electrodes was determined by applying Ohm's law at a single frequency of 200
Hz as previously described>'4. The electrodes were immersed in 0.9% NaCl and a sinusoidal test
voltage (200 mV p-p) was applied to drive a current through the electrode and a serial-measurement-
resistor (200 + 1% ). This current is proportional to the voltage drop across the measurement
resistor, which was fed into a precision differential amplifier (AMPO1, Analog Devices, Inc., Norwood,
MA, USA). The amplifier output voltage allowed the calculation of the current amplitude, and thus,
by applying Ohm'’s law, the estimation of electrode impedance by the ratio of electrode voltage and
current. The phase shift of the test voltage and current verified the existence of capacitive reactance.

The above-described methodology was used for both in vitro and in vivo impedance measurements.

Notably, the first impedance measurement was done before coating, but after cleaning in 65%

nitric acid for 15 min, to exclude changes induced by the cleaning procedure.
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2.4 Animals

For the in vivo study male Sprague Dawley rats (n=8) were obtained from (Charles River Laboratories,

Germany, as done before for other work of our group'?!4)

. The rats were housed in groups of 3-4
in standard Macrolon Type IV cages (Techniplast, Hohenpeissenberg, Germany) under controlled
environmental conditions (22°C, 14 h light/ 10 h dark cycle, lights on at 07:00 a.m.). Following the
surgical procedure, each rat was kept in a standard Macrolon Type Ill cage. The rats were provided

with laboratory rat chow and tap water.

The experimental protocols used in this study followed the national and international ethical
guidelines, complied with the German Animal Welfare Act, and were approved by the local author-
ities (AZ 18/2837), including an animal ethics committee approval. This study was performed in
accordance with the Animal Experiments Act guideline: Reporting of In Vivo Experiments (ARRIVE).

2.4.1 Surgery

1214 The rats underwent in-

For surgery, we used the procedure described before in our group
traperitoneally anaesthesia with chloral hydrate (360 mg/kg) and fixed into a stereotaxic frame.
Additionally, a local anesthetic (2% prilocaine hydrochloride) was infiltrated into the surgical site.
Following the initial incision and identification of the bregma point, a pair of burr holes were created
on both sides directly above the desired targets. Subsequently, two bipolar electrodes were surgically
inserted into the subthalamic nucleus (STN) at specific coordinates relative to the bregma: antero-
posterior: -3.8 mm, mediolateral: £2.5 mm, dorsoventral: -8.0 mm. Additionally, the tooth bar
was adjusted to a position of -3.3 mm. The electrodes and the socket were fixed to the skull with
dental acrylic cement (Paladur, Heraeus Kulzer GmbH, Hanau, Germany). Four screws (1 x 2 mm)
were wound to the skull as reinforcement. Antibiotics (marbofloxacin, 6.6 mg/kg) were applied for
eight days subcutaneously, starting two days preoperatively. The analgetic carprofen (5 mg/kg) was

subcutaneously injected intraoperatively and for the first two postoperative days.

2.4.2 Electrostimulation

Continuous electrical stimulation was applied via a cable that was bite-protected by a spring-like
metal shield for the in vivo study. One side of the cable was connected to the socket on the skull,
the other to a stimulation device (Multichannel Systems STG2008, Software: Mc-Stimulus II). A
swivel (Plastics One Inc, Roanoke, VA, USA) in the stimulation line allowed free movement of the
rat without twisting the cable. For electrical stimulation symmetric, bipolar, rectangular waves with
a pulse width of 160 us and frequency of 130 Hz were used. Stimulation parameters were controlled

with an oscilloscope (Tektronix TDS2000C), as described in the authors' previous work 5.

For the in vivo study, the amplitude was experimentally determined to be 20% below the in-
dividual motor reaction threshold (e.g., contralateral paw movement). Each rat was single-housed
in a standard Macrolon Type Il cage during continuous stimulation. A slot in the lid allowed free

movement of the animal with the cable attached. Before applying DBS in the STN, the individual
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current intensity threshold for stimulation-induced side effects was determined. The reason for ad-
justing the stimulation intensity to 20% below the motor response level lies in the aim of finding
a balance that maximizes therapeutic benefits while minimizing the occurrence of adverse effects.
After adjusting the stimulation amplitude for each individual rat, the impedance was measured just
after implantation and then weekly until the fourth week of stimulation. In our implantation rat

model, the threshold was adjusted only once upon implantation, which is a potential limitation.

For the in vitro study the electrodes were immersed in physiological saline solution (0.9% NaCl)
filled wells of a 24-well cell culture plate, used as a stimulation chamber. Electrodes were stimulated

with a pulse amplitude of 200 pA.

2.4.3 Histology

After the end of the experiments, the implantation sites were histologically verified by referring to the
atlas of Paxinos and Watson1®. Rats were deeply anesthetized with an overdose of chloral hydrate
and transcardially perfused with 4% paraformaldehyde solution. Following, the brains were extracted
from the cranial cavity, placed in 30% sucrose/phosphate-buffered saline (PBS) solution for at least
12 h, and cut on a freezing microtome (coronal plane) with a section width of 40 xm in three series.
To evaluate the localization, Nissl staining was employed, and the samples were observed under
a light microscope (Zeiss, Gottingen, Germany). This procedure for verification of the electrode’s

position is routinely used in our group!?.

2.5 Statistical Analysis

For statistical evaluation of the impedance dynamics in vitro and in vivo, data was analyzed by
one-way repeated measures ANOVA, followed by post hoc Tukey's test. In addition, the measures
of all groups were compared after calculating the relative impedance to the preoperative measures,
which were set at 100%. Thereafter, a two-way repeated measure (RM) ANOVA was applied with
factors group and time. All tests were performed two-sided with p < 0.05 considered statistically

significant.

3 Results

3.1 Characterization of nanoparticles and electrode coatings

A representative UV-Vis spectrum of the colloidal Pt nanoparticles shows Pt's typical broadband
extinction behavior with a peak at 260 nm (Figure 2A), attributed to the presence of Pt-water com-
plexes!?, indicating partial oxidation of the generated nanoparticles. Oxidation of Pt nanoparticles
is commonly reported in laser synthesis of nanoparticles in liquids'®, which is the main reason for
the negative surface charge (zeta potential) of the Pt colloids (data not shown here but reported
in previous works'®19  The particle size distributions of the colloidal Pt nanoparticles analyzed by

analytical disk centrifugation exhibit monodispersity with a median diameter of ~10 nm (Figure 2B)
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- the particle size that proved to be most efficient concerning impedance stabilization of neural

electrodes in vivo in our previous work 12,
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Figure 2: Characterization of colloidal nanoparticles and coated electrodes: (A) Representative UV-
Vis extinction spectra of PtNP colloids before and after EPD coating, (B) Representative hydrody-
namic particle size distribution of PtNP colloid, determined by analytical disk centrifugation. Mean
values were determined from the median values of a log-normal fit of the corresponding distribu-
tions (PDI = Polydispersity index). (C) Representative SEM images (overview top row and higher
magnification bottom row) of uncoated (left), pulsed DC coated (middle), and immersed (right)
neural electrodes. The electrodes consist of two Pt metal tips which were coated by EPD. The red
square roughly marks the area where the magnified images were taken, showing that coating was
only found in the samples processed by Pulsed-DC EPD, while neither the uncoated electrode nor

the one immersed in Pt colloid in the absence of an electric field displayed NP deposition.

The deposited mass of Pt was determined via analysis of UV-Vis spectra before and after the
coating process (Figure 2A). Here, a reduction in absorbance is observable over the whole spectral
range after coating, which indicates a loss of platinum mass in the colloid, indicating deposition
on the electrodes. Quantification of the deposited mass was conducted using a calibration curve in

which the area under the curve of the UV-Vis spectra in a spectral range of 190-900 nm was plotted
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against known mass concentrations of reference Pt colloids (Figure S1 in the supporting information).
The total deposited mass of Pt nanoparticles on the electrodes (mean and standard deviation of 16
samples) was 3.4 + 0.8 pug. The coatings of the electrodes were further characterized by SEM
analysis (Figure 2C). Here, homogeneous coatings were formed on the EPD-coated electrodes, with
results similar to those reported previously upon utilization of pulsed DC EPD!*. The immersed
samples show minute particle deposition with very few particles sticking to the electrode surface.
This finding indicates that the coating is formed due to the application of the electric field and not
solely by adsorption from the solution. As expected, the control sample (not in contact with the Pt

colloid) shows a smooth surface without nanoparticles.

3.2 Impedance in vitro

For the coated group, 7 electrodes were analyzed (one coated electrode broke during stimulation), and
8 electrodes for the control group. For the in vitro measurements, statistical analysis of the impedance
of coated electrodes with one-way ANOVA showed a significant effect of coating (F6,36=34.375,
p<0.001). Post-hoc testing always revealed that NP-coating significantly reduced impedance after
coating (all p<0.001), whereas dipping of control electrodes into the NP-colloid did not affect
impedance. After immersion of the coated electrodes into the saline solution and stimulation for 4
weeks impedance in vitro was stable, whereas, in the control sample, the impedance varied to some

extent (Figure 3A, white and black bars).

3.3 Impedance in vivo

Histological analysis showed that all NP-coated and uncoated electrodes (n==8, each) were placed in
the STN of the left and right hemispheres. As one electrode of each group broke during the exper-
iments, 7 electrodes could be used for statistical analysis of impedance measurements. Statistical
analysis of the impedance of coated and uncoated electrodes over time with one-way ANOVA showed
a significant effect in coated (F6,36=34.926, p<0.001) and uncoated electrodes (F6,36=16.930,
p<0.001). Post-hoc testing revealed that NP-coating significantly reduced impedance (p<0.001)
before implantation and during four weeks of stimulation (all p<0.05), whereas impedance two weeks
after implantation was temporarily enhanced. Dipping of electrodes in NP-solution and intracranial
implantation did not affect impedance. In contrast, during the first three weeks of stimulation, the
impedance of uncoated electrodes was significantly reduced, compared to the impedance before and

after dipping in NP-solution (all p<0.05).

3.4 Normalized data

For better comparability between the groups and to cancel out total impedance differences between
individual groups of electrodes, all data was normalized by the impedance of the corresponding
uncoated electrodes (white bars in Figure 3 A and B set as 100%). Comparison between all groups

with data relative to the electrode’'s impedance before coating with two-way RM ANOVA showed
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significant effects for the factor group (F2,150=15.345, p<0.001), the factor time (F6,150=84.448,
p<0.001) and their interaction (F18,150=10.417, p<0.001). Post-hoc comparison between groups
showed that NP-coating significantly reduces impedance in electrodes applicable to both, in vitro and
in vivo groups (p<0.001). After intracranial implantation, the impedance of NP-coated electrodes
was increased, while no significant change was observable for the uncoated controls. In contrast,
immersion in saline of both coated and uncoated electrodes led to reduced impedances. In total, this
leads to an overall higher electrode impedance after in vivo intracranial implantation in comparison to
saline-immersed electrodes in vitro (p<0.05). Nevertheless, the impedance of NP-coated electrodes
was still reduced in comparison to their uncoated counterpart (p<0.05). During the four weeks of
stimulation, the impedance of coated electrodes was reduced compared to uncoated electrodes for
in vivo and in vitro approaches (p<0.05), an effect which did not reach the level of significance for
intracranial implanted coated electrodes at week 2 and week 3 of stimulation (p<0.1; Figure 3C).
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Figure 3: Impedance of electrodes after NP-coating or immersion into NP solution as control and
subsequent immersion into (A) vehicle solution or (B) intracranial implantation in rats. Significant
differences to pre-coating data are depicted as a circle (°), and to post-coating data as a square (X;
p < 0.05). (C) The relative impedance of all groups for all times with significant differences between

uncoated and coated electrodes as asterisks (%) and between in vivo and in vitro data as number
sign (#; p < 0.05).
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In addition, we applied Levene's test to assess whether coated and uncoated electrode impedance
would differ in their variance. According to Levene, comparative statistics of the dispersion of pooled
impedance values of coated and uncoated control electrodes under stimulation in vitro and in vivo
showed that the variances during four weeks of stimulation were not equal. Likewise, Bartlett's test
of homogeneity of variances showed that the variances of electrode impedances differ during four

weeks of stimulation (see Table 1).

Table 1: Statistics of the dispersion of pooled impedance values of coated and uncoated control

electrodes under stimulation in vitro and in vivo

In vitro In vivo
Mean + SD, impedance | 33.8 + 12.7 / 82.0 + | 648 + 132 / 81.3 +
in k2 coated/uncoated | 29.9 31.9
(ctrl)
Levene F(1,58)=12.126, F(1,54)=5.521,
p=0.0010 p=0.0225
Bartlett \2=18.050, p<0.0001 | y2=18.342, p<0.0001

4 Discussion

We showed that pulsed DC EPD of laser-generated PtNPs reduces impedance and stabilizes impedance
during long-term stimulation in saline and after intracranial implantation into the rat brain with sub-
sequent long-term stimulation.

In a previous study, we already demonstrated that NP coating stabilizes the impedance of

12

electrodes after intracranial implantation and long-term stimulation*“. In that study, however, the

electrode’s impedance was increased after NP-coating via DC-EPD. In contrast, in the present study

k14 which resulted in a reduced

pulsed DC EPD was used for coating based on our more recent wor
impedance. This finding is most likely attributed to the higher coating homogeneity achievable by
pulsed DC EPD, which also reduced impedance in an in vitro setting'#. This reduced impedance in
more homogeneous coatings was attributed to a higher active surface area not driven by the geo-
metric surface area but by an enhanced chemical activity and oxidation state of the surface atoms®.
However, in the case of nanoparticles arranged as assemblages (agglomerates and aggregates) on
the electrode surface, which is most pronounced in DC EPD, electrical contacts may be impaired
and impedance is reduced*. The in vivo environment is complex, and various factors can influence
the electrode’s surface structure. Biological interactions, immune responses, and the presence of
bodily fluids and tissues can all play a role in altering the electrode’s surface properties. It is pos-
tulated that geometry and area affect charge-injection capacity (CIC) measurements because of the
non-uniform current distribution that localizes the charge-injection reactions to the perimeter or tip
of an electrode®®. Further analysis through, for example, cyclic voltammetry is an excellent way to

assess the electrochemical properties of the electrodes and we used it to characterize our electrodes
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in multiple studies to determine the electrocatalytic surface area and we found pronounced changes
due to surface coverage!®, used EPD pulse mode (DC vs. pulsed DC#) and solvent?!. However,
cyclic voltammetry can be informative about the electrode’s performance and response to electrical
stimulation, but it may not directly reveal all the detailed changes in the surface structure induced
by in vivo stimulation. Advanced techniques like X-ray photoelectron spectroscopy (XPS), or in-situ
imaging techniques can be used to study these changes, although due to the frequent contamination
with cell residue and damage of the electrodes utilization of these techniques was not possible in the

in vivo samples after 4 weeks of stimulation.

In animal models, conducting chronic deep brain stimulation (DBS) over a four-week period
can be challenging due to various limitations. However, a preclinical study in non-human primates
has shown that the major changes in DBS electrode impedance occur after electrode implantation
and during stimulation. These impedance changes could be an important issue for DBS patients
implanted with voltage-controlled stimulators??2. Notably, right after implantation into the rat’s
brain, the impedance in NP-coated electrodes increased temporarily. This observation corroborates
our previous measures of elevated impedance after implantation into the rat brain'?, a finding also
reported by other groups?32425_ This finding is most likely attributed to the acute response of the
neural tissue around the electrode contact?6:27:28.29.30 and is visualized as a spike in the impedance
measurements?#39. This acute postoperative tissue reaction is followed by a chronic one, which is

2431 " and roughly corresponds to the reduced impedance measure

characterized by moderate gliosis
at the time of the onset of our electrostimulation period, two weeks after intracranial implantation.
Notably, our parallel in vitro measures in saline do not show enhanced impedance, confirming our
hypothesis that acute postoperative tissue reaction leads to enhanced electrode impedance in our in
vivo setting. Interestingly, immersion of uncoated electrodes into saline reduced impedance, which

is likely due to differences in the chemical composition of the different environments32.

Increased impedance values of electrodes after intracranial implantation were statistically not
different in coated and uncoated electrodes. We showed that glial reaction and neuronal loss do not
differ between NP-coated and uncoated electrodes!?. The three-electrode arrangement, comprising
a working electrode, a reference electrode, and an auxiliary electrode, offers benefits in terms of
establishing a steady baseline, reducing the risk of unwanted shifts or disruptions, and addressing

3334 However, in our measurements, we've also incorporated a con-

electrode polarization concerns
trol electrode that lacks a nanoparticle coating, serving as a means of comparison. With the onset
of stimulation, however, impedance decreased in NP-coated and uncoated electrodes, possibly due
to intrinsic changes in the electrode. Nevertheless, this effect was more substantial in NP-coated
electrodes, most likely, as the electric field stimulation leads to a surface restructuring, with the more
fortunate ordering of the nanoparticles or — as controls are likewise affected — just all atoms on the
surface. Another explanation would be a rearrangement and restructuring of the surface coatings
upon multiple electrochemical stimulation rounds. A similar phenomenon was observed when we cy-
cled the coatings multiple times in an electrochemical cell'®>. Nonetheless, although the impedance
of coated electrodes is reduced during four weeks of stimulation as compared to uncoated control
electrodes, there is no difference in the impedance between in vivo and in vitro settings, indicating

that tissue reaction and scar formation seem to have no pronounced effect on the stimulation effi-
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ciency in the chronic setting. Nevertheless, a chronic response can affect the stimulation outcome in
ways that are not correlated with changes in impedance. It is plausible that chronic DBS responses
could affect neural network behavior or tissue responsiveness to stimulation, altering stimulation ef-
ficacy even if impedance remains unchanged. This could mean that the electrodes are stable and
well-suited for use in the biological tissue in question. Experimental studies have shown that the
change in electrode impedance, and histological analysis revealed an increase in astrocyte density
and the extent of astrocytosis around the stimulated electrodes3®. In general, a rise in impedance is
expected as time progresses, due to tissue deposition or microglial interaction. However, continuous
stimulation may prevent the buildup of tissue and protein on the electrode surface, maintaining bet-
ter electrical contact and signal delivery, and reducing the impedance. However, clinical studies in
Parkinson’s disease patients have shown that impedance decreases gradually over time, even when
DBS settings are kept constant337. Noteworthy, previous work showed that NP-coating does not

affect glial reaction or the number of neural cells in the vicinity of the electrode’s tip'?.

In the clinical context, with electrophoretic deposition of NP from the same material derived by
laser ablation in liquid, a homogenous coating can be achieved without the use of chemical precursors
and ligands that may trigger tissue response 38394041 Ajthough water-ethanol mixtures can lead to
even more homogeneous coatings and more favorable electrochemical properties®!, we deliberately
used samples from pulsed DC EPD synthesis in water for the present experiments, as utilization of
solvents should be avoided in in vivo or clinical settings. Moreover, the mechanical stability of pulsed
DC EPD of PtNPs onto Pt-based neural electrodes has already been demonstrated using agarose gel,
adhesive tape, and ultrasonication-based stress tests that simulated brain environments. In addition,
it has been evidenced that NPs can still be found on an exemplarily explanted electrode’s surface
after the in vivo stimulation experiments. In addition, the mechanical force during the implantation
may have affected the nanoparticles on the surface, though a full delamination of the coating could

not be observed as reported!®.

In conclusion, pulsed DC EPD of colloidal, ligand-free PtNPs on neural electrodes reduces
impedance, favoring stimulation efficiency and may prolong the battery life of the pulse generator.
As the coating and the implant material are identical, adverse effects concerning the biocompatibility
of the electrode are unlikely, and thus clinical approval would be less complicated. From the viewpoint
of medical application, pulsed DC EPD of PtNPs may be a helpful approach to generate an optimized
nano-coating, which would reduce and stabilize the overall impedance in vivo and enhance the quality
and durability of chronic recording and stimulation in patients with electrical implants for therapeutic

use over decades.
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All methods described were carried out in compliance with guidelines and regulations at the Han-
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Summary:

In the previous section, the PtNP-coated neural electrodes were stimulated in vitro and in vivo in
Parkinson’s rat models, and the electrode impedances were monitored. However, to implement these
nano-coatings clinically their mechanical stability has to be tested. Therefore in the forthcoming
section, the mechanical stability of EPD-generated coatings, both in vitro and in vivo, is investigated
to determine the coating's clinical applicability. The stability of EPD-generated Nano-coatings was
analyzed in vitro (agarose gel, ultrasonication, and adhesive tape) and in vivo (rat models). In vitro,
the nano-coatings were found to be mechanically stable in simulated brain environments (agarose
gel). Electrochemically, the coatings were stable revealing a statistically significant 17.5% reduction
in electrode impedance after 1000 CV cycles. Quantification of Pt in the stimulated brain sections
via LA-ICP-MS reveals a significantly higher amount of Pt in the region stimulated with PDC-coated
electrodes, in comparison to the uncoated electrode region, however below any toxicologically rele-

vant levels.
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The mechanical stability of implant coatings is crucial for medical approval
and transfer to clinical applications. Here, electrophoretic deposition (EPD) is
a versatile coating technique, previously shown to cause significant
post-surgery impedance reduction of brain stimulation platinum electrodes.
However, the mechanical stability of the resulting coating has been rarely
systematically investigated. In this work, pulsed-DC EPD of laser-generated
platinum nanoparticles (PtNPs) on Pt-based, 3D neural electrodes is
performed and the in vitro mechanical stability is examined using agarose gel,
adhesive tape, and ultrasonication-based stress tests. EPD-generated coatings
are highly stable inside simulated brain environments represented by agarose
gel tests as well as after in vivo stimulation experiments. Electrochemical
stability of the NP-modified surfaces is tested via cyclic voltammetry and that
multiple scans may improve coating stability could be verified, indicated by
higher signal stability following highly invasive adhesive tape stress tests. The
brain sections post neural stimulation in rats are analyzed via laser
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS).
Measurements reveal higher levels of Pt near the region stimulated with
coated electrodes, in comparison to uncoated controls. Even though local
concentrations in the vicinity of the implanted electrode are elevated, the total
Pt mass found is below systemic toxicologically relevant concentrations.

1. Introduction

Neural electrodes are employed for var-
ious treatments including deep brain
stimulation (DBS) in Parkinson’s disease,
epilepsy, depression, deafness, spinal cord
injuries, blindness, advanced tremors,
etc[1?l Although these electrodes have
long been used in clinics, a drawback
lies in the increased electrode impedance
(2) due to gliosis, reducing the efficiency
of stimulation/recording.’! To address
this issue, researchers try to increase the
electrode’s electrochemical surface area
(ECSA) utilizing various surface modifica-
tion techniques.[*!

Platinum (Pt) based electrodes are con-
sidered to be one of the best materials to act
as a neural implant.['% Their surfaces have
been widely modified using metals, metal
oxides, conductive polymers and nanopar-
ticles, for improving the electrochemi-
cal characteristics.''1] Established tech-
niques used to modify platinum electrode
surfaces include anisotropic etching, /178!
two-photon lithography,[*! laser-induced
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forward transfer (LIFT).[2] as well as focused electron/ion beam
induced deposition (FEBID/FIBID).[2122] Particularly, studies,
where the coating and the implant material are identical, are
highly interesting, as they do not adversely affect the biocom-
patibility of the device and clinical approval is less complicated.
However, if the coating delaminates from the implant surface
and gets released into the organism, these advantages become
invalid. Thereto, it is highly important to guarantee that the coat-
ings are mechanically stable under in vivo conditions. Boehler
et al. electrodeposited Pt on Pt-Ir electrodes and observed stable
nanostructured coatings after 1 billion stimulation pulses that
were biocompatible in vivo and efficient during stimulation.[?*]
In another study, they deposited Pt nanograss on Pt microelec-
trodes through a chemical reduction method, which resulted
in an increased ECSA and reduced Z of about two orders of
magnitude.l® Pt—Ir has been electrodeposited on rectangular Pt
cochlear electrodes!?*] and Pt-Ir microwire arrays(?*] resulting in
a 91-93% reduction of polarization Z and low noise, high signal-
to-noise ratio, and low Z, respectively. Zatonyi et al. deposited
Pt black coatings on Pt ECoG microelectrode arrays (MEAs) and
observed a reduction in thermal noise, enhanced signal-to-noise
ratio, and increased ECSA.[*l An alternate surface modifica-
tion technique to nanostructure Pt-based neural electrode sur-
faces is the electrophoretic deposition (EPD) of laser-generated
ligand-free PtNPs.[1>1527] These purely electrostatically stabilized
NPs are advantageous over their ligand-coated counterparts, as
they facilitate linear scaling of the deposition process concern-
ing concentration and electric field strength, due to the absence
of ligand-induced electrostatic repulsion at the particle-electrode
interface.[?®! Using this method, we previously reported process
parameter optimization for 2D target surfaces, and the in vivo
functionality of 3D electrodes when coated with direct current
(DC) EPD.[Y] In our recent work, we deposited PtNPs on 3D
Pt-Ir surfaces and studied the electrode performances by apply-
ing DC and pulsed-DC (PDC) electric fields,!"*] and further evalu-
ated the impact of the solvent (ethanol-water mixtures) on coat-
ing quality.'®! However, for a coating aimed at clinical applica-
tion, its mechanical stability is one of the most critical factors to
be studied. If the developed coatings are not stable enough, the
detached particles may undergo biodispersion inside the body af-
ter implantation and can become toxic to the local tissue. Fur-
thermore, coating delamination frequently goes along with im-
pairment of electrode functionality. Boehler et al. chemically de-
posited nano-Pt on Pt microelectrodes and tested the coating sta-
bility by dipping the modified electrodes in a 0.6% agar dummy.
They found that the charge storage capacity (CSC) decreased by
4% and Z increased by 6%.”] Pt black coatings were deposited
on various neural electrode surfaces, after which their durabil-
ity was studied via ultrasonic agitation. Strong forces generated
by ultrasonication deteriorated the electrochemical properties of
Pt black modified surfaces: 77% decrease in ECSA,*1 219,
and 20%*! loss in CSC, and 63% increase in Z.®l Minev et al.
produced stretchable composite coating (mixture of Pt powder
and silicone) on MEAs and tested the mechanical integrity us-
ing a tensile stretcher and found that the coatings deformed with
the applied strain but retained their electrical contact with the
MEAs.[32] Wang et al. performed ultrasonic agitation of their Pt-
black:PEDOT/PSS coated microelectrodes inside agarose gel to
simulate brain tissue micromotions. They found a Z-increase of
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9.5% after 100 min of mechanical agitation and hence concluded
that the coatings were durable for long-term usage.*}! In addi-
tion, material adhesion tests were also performed on modified
neural electrode surfaces following the American Society for Test-
ing and Materials (ASTM D3359),>*] wherein a pattern (usually
an X or a crosshatch) was scratched on the coatings, after which
a pressure-sensitive adhesive tape was pressed on the pattern
and removed at an angle to observe coating delamination.!>>-38
Another important assay concept for evaluation of electrode me-
chanical stability is a standardized bending fatigue test, for exam-
ple, based on a sliding-plate assay, where correlations between
bending angle and resistivity are recorded.’”! Here, Kim et al.
could show that in hybrid structures where the Cu thin films were
deposited on polyimine supports, bending strain is a direct func-
tion of film thickness.[*)] However, this method is primarily ap-
plicable to flexible electrode thin films on polymer support and
difficult to apply to free metal wires with micrometer diameter in
direct contact with tissue.

Nevertheless, to the best of our knowledge, a comprehensive
and exclusive study on the mechanical stability of neural elec-
trode surface coatings with several complementary testing meth-
ods, and detailed electrochemical analysis, including correlation
with in vivo stability is rare. In this work, we present a sys-
tematic investigation of the stability of PtNP EPD on 3D Pt-Ir
(90:10) neural electrode surfaces. Pt-Ir wires were coated with
DC- and PDC-EPD and their coating stabilities were tested via
three approaches: dipping in 0.6 wt% agarose gel, adhesion test,
and ultrasonic agitation. In addition, the electrochemical stabil-
ity of the coatings was evaluated by cycling the samples multiple
times in cyclic voltammetry (CV). Please note that optimization
of coating parameters has been addressed in previous studies.
Here, we aimed to evaluate the quality of an EPD-coating syn-
thesized under conditions optimized for optimum performance
(low impedance) based on the following previous works{4-16]

The surfaces were electrochemically characterized before and
after performing stability tests via CV and electrochemical
impedance spectroscopy (EIS). In addition, the rat brain slices
post-DBS were quantified for the presence of Pt using laser
ablation-inductively coupled plasma-mass spectrometry!*!l (LA-
ICP-MS) (Figure 1). Furthermore, qualitative characterization of
the coated surfaces was performed using scanning electron mi-
croscopy (SEM).

2. Results and Discussion

To evaluate the mechanical stability of EPD coatings, micro-
scale (76 um diameter) Pt-Ir (Pty,Ir,, molar ratio) wire surfaces
with dimensions and composition comparable to commercially
available brain electrodes were modified using laser-generated,
ligand-free colloidal Pt NPs. Particles were synthesized via a two-
step laser-based approach starting with pulsed laser ablation of a
Pt target in Milli-Q water followed by a consecutive laser fragmen-
tation in liquid (LFL) step for size control yielding a final mean
particle diameter of 14 nm. Consecutively, the Pt NPs (100 ug
mL~", pH11) were deposited on the wires by EPD utilizing DC
(5 Vem~!, 5 min) and PDC (5 V em™!, 1 ps period, 50% duty
cycle, 10 min) electric fields as previously reported.'*] The coat-
ing stability was assessed via three methods: dipping the coated
samples in agarose gel (0.6 wt%), adhesion test using 3M Scotch
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Figure 1. Schematic representation of the experimental workflow: Step 1 shows the EPD of negatively charged PtNPs on positively charged Pt neural
electrode surfaces; Step 2 represents the three in vitro stability testing methods; and Step 3 shows the analysis of rat brain sections via LA-ICP-MS.

Figure 2. Electrode surface chemistry before and after mechanical stress testing. a) Average ECSA values of PDC-coated neural electrodes, measured
by applying 20 CV cycles (N = 4, a = 0.05). b) Average CV enlargement factor (CSC) values of PDC-coated neural electrodes (N = 3, & = 0.05). Bar plots

represent mean values and error standard deviations.

tape, and ultrasonication in Milli-Q water for 5 min. Before and
after the mechanical tests, the samples were characterized using
CV, EIS, and SEM. Since in our previous work, PDC-EPD was re-
ported to significantly reduce the neural electrode’s Z compared
to the DC-EPD,!' we focused our study on the PDC-EPD coat-
ings while DC-EPD results are presented in Section S4, Support-
ing Information. Figure 2 demonstrates the decrease in ECSA,
Figure 3 shows the increase in Z and Figure 4 shows the neu-
ral electrode surfaces, after the stability tests performed on PDC-
coated samples. Their corresponding cyclic voltammograms and
EIS spectra are shown in Figure S6, Supporting Information. To
achieve sufficient signal stability all samples were cycled 20 times
in the electrochemical setup before measurements.

From Figure 2a, it is observed that the ECSA of all the samples
that underwent stability tests, decreased. Among them, the de-
crease in ECSA was the least in samples tested using an agarose
gel. Similarly, the CSC also showed the least decrease in agarose
gel compared to the other two tests (Figure 2b). Figure 3a,b shows
the increase in Z values at both of the medically relevant frequen-
cies after the stability tests, revealing an insignificant increase
in Z after the agarose gel test at 150 Hz. It is well known from
the literature that the ECSA and Z are inversely proportional to
each other.*?] Therefore, the obtained results are in good agree-
ment with each other. The significant levels of delamination, rep-
resented by Z increase, after adhesion test or ultrasonication are
due to the high mechanical stress induced on the particle coat-
ings, which causes them to peel off. During the agarose gel test,
however, much lower friction forces of ~5 pn were applied. Ad-
ditionally, from the SEM images, it is clear that the adhesive tape
removes more particles from the surface than ultrasonication
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(Figure 4e.f). This could be due to the distributed coatings pro-
duced by PDC-EPD,!'*] which can be observed in Figure 4a—c.
Here, since the NP coverage is less clustered in comparison to
the DC-EPD (Figure S5a—c, Supporting Information), the force
generated by the adhesive tape was strong enough to remove a
large number of monolayer particles from the surface than the
force induced during ultrasonication, which probably has only
removed the agglomerated particles that are loosely bound. SEM
images from Figure 4 support this explanation, where after the
tests the particles are not entirely removed from the electrode sur-
faces, however, more particles seem to have been removed after
the tape test (Figure 4e). Boehler et al. found a 4% decrease in
their CSC,/”] however, our samples show no statistically signif-
icant decrease in CSC after the agarose gel test. Therefore, the
mechanical stability tests confirm that the EPD-generated coat-
ings are more stable in an agarose gel (simulated brain density
and viscosity) environment, compared to the other two in vitro
stability tests.

To investigate the electrochemical stability of the EPD-
generated coatings, Pt-Ir wires coated with Pt NPs using PDC-
EPD were scanned in CV for multiple cycles: 100, 500, 1000, and
2000. Before and after CV scanning, the Z-values of the samples
were measured. Figure 5 shows the CV analysis and Figure 6
shows the EIS analysis of the samples. The corresponding EIS
spectra are shown in Figure S7a, Supporting Information.

Figure 5 shows that the ECSA and CSC of the samples gradu-
ally increase with an increasing number of CV cycles up to 1000
cycles. This finding may be attributed to the fact that repeated CV
scanning of Pt surfaces in sulfuric acid helps to maximize the
exposure of surface Pt sites for hydrogen adsorption,!*¥] in turn
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Figure 3. Average impedance values of PDC-coated neural electrodes, before and after stability tests at a) 150 Hz and b) 1 kHz (N = 4, « = 0.05). ¢)
Equivalent circuit model comprising an R(RC) circuit is used for fitting the EIS data. d) Average fitted capacitance values of the samples, before and after
stability tests (N = 4, a = 0.05). Bar plots represent mean values and error standard deviations.
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Figure 4. Exemplary SEM images from the sides of the PDC-coated neural electrodes a—c) before and d—f) after the mechanical stability tests. Scale bars

are 500 nm.

activating the surface and increasing the ECSA and CSC*#

of the electrodes (Figure 5b,c). Interestingly, for longer cycling
at 2000 cycles, the trend seems to decrease and no differences
between the samples before and after cycling is available, which
may point to more extensive particle delamination at a higher
number of cycles, which seems to counter the observed activa-
tion effect at lower cycle numbers. EIS analysis on the samples
before and after multiple CV cycles, reveals a significant decrease
in Z at 150 Hz after 1000 cycles and no significant differences

Adv. Healthcare Mater. 2022, 2102637 2102637 (4 of 1 1)

at longer cycling after 2000 cycles, which points to a saturation
effect. (Figure 6a). At 1 kHz, the decreasing trend starts already
after 500 cycles (Figure 6b), although not statistically significant,
and here as well, saturation seems to occur after 2000 cycles.
Upon fitting the EIS data with an equivalent circuit, the capac-
itance also shows an increasing though non-significant trend
after 1000 cycles and saturation at 2000 cycles. Wang et al. found
that after 10 000 CV cycles the Z increased,!*)! representing
coating instability. However, it should be noted that Wang et al.
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Figure 5. a) Exemplary cyclic voltammograms of PDC-coated electrodes before and after electrochemical stability test, b) average ECSA values of the
electrodes before and after electrochemical stability test (N = 3, a = 0.05), and c) average CSC values of the electrochemical stability tested electrodes
(N =3, a =0.05). Bar plots represent mean values and error standard deviations.
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Figure 6. Average impedance values of electrochemical stability tested electrodes at a) 150 and b) 1 kHz. c) Average fitted capacitance values of the
electrodes obtained after EIS equivalent circuit fitting. Bar plots represent mean values and errors standard deviations (N = 3, « = 0.05).

evaluated the performances of electrodes with a completely
different design. In their case layered electrodes consisting of
a platinum black/conductive polymer sandwich structure were
analyzed, while in our work coatings composed of Pt-electrode
Pt-nanoparticle metal-metal interfaces were evaluated.

Our samples showed a statistically significant 17.5% reduction
in Z after 1000 cycles at 150 Hz, revealing an improvement in
their stability at intermediate cycles and saturation in impedance
at 2000 cycles. Based on these findings it may be concluded that
cycling a coated electrode in an electrochemical setup for 500
1000 cycles can improve certain properties like higher ECSA or
lower impedance, though this effect is negated when more cycles
are used, probably due to more pronounced coating delamination
with more cycles.

To additionally test whether the extended CV cycling influ-
ences the mechanical stability of the deposited particles, adhe-
sion tape tests were performed on the samples after CV cycling.
Figure 7 shows the EIS analysis and SEM images, before and af-
ter the tape test, respectively. Please note that the controls used
here are not derived from values without cycles as in Figure 6
(before scan) but had also undergone limited cycling (20 cycles)
to allow comparability to previous stability assays. This fact ac-
counts for inconsistencies in starting impedance at 150 Hz be-
tween Figures 6 and 7, though the massive differences occurring
here cannot be explained based on the current experimental de-
sign.

Since the adhesion test induced the highest force on the par-
ticles and resulted in the highest levels of delamination previ-
ously, we were interested to investigate the strength of particle
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adherence after repeated CV cycles via the tape test. Figure 7a,b
reveals a significant increase in Z after the test in all samples, at
both frequencies with similar final impedance values indepen-
dent of the previous cycling. However, the percentage increase
in Z was lower in those samples that underwent multiple CV cy-
cling. Also, the least increase in impedance can be observed af-
ter 500 CV cycles at both 150 Hz and 1 kHz. Figure 7c—g shows
the corresponding coated surfaces after the tape test, indicating
that the adhesive tape led to the expected pronounced delamina-
tion of the particles in the coatings, though particle detachment
was not quantitative. Furthermore, multiple cycling before the
tape test influenced the final morphology of the coating. Here
more homogeneous coatings after multiple cycles were found
pointing toward surface restructuring, while in the controls, coat-
ings were primarily composed of multilayer assemblages though
the images seem to indicate higher surface coverage. However,
please note that in assemblage-like multilayers, the contact be-
tween electrode and coating is less pronounced, which may ex-
plain why the final impedance in the multi-cycled and control
samples were similar even though surface coverage with parti-
cles in the controls was higher.

Therefore, for Pt-based neural electrode fabrication, we
demonstrate a surface coating technique using PDC-EPD of
laser-generated Pt NPs, which decreases electrode Z signifi-
cantly in comparison to their DC counterparts.['*l Concerning
the mechanical stability of these coatings, we note that additional
multiple cycling of the electrode has a significant impact on
coating stability with a minimum impedance change after 500
cycles. This went along with substantial differences in coating
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Figure 7. Average impedance values of the electrodes before and after adhesion test at a) 150 and b) 1 kHz, after electrochemical stability testing (N =
3, « = 0.05). The control samples are previously described in Figure 3, which were tested for adhesion with 20 previous CV scans. Bar plots represent
mean values and error standard deviations. Exemplary SEM images of the PDC-coated, adhesion tested samples: c) after coating; d) control (after 20
cycles); e) after 100 cycles; f) after 500 cycles; and g) after 1000 cycles. Scale bars are 500 nm.

morphology, which retained assemblage-based coatings in the
controls, whereas more homogeneous coatings were found after
continuous cycling. This could lead to an improved particle-
electrode electrical contact, lowering the overall impedance
increase.

Another relevant kind of mechanical stress on a nanoparticle-
coated micrometer-sized neural electrode would be bending. To
examine this, we bent a 76 pm diameter Pt—Ir wire coated via
PDC-EPD with a tweezer assuming a final angle of ~90°. The
wires before and after the bending test were examined using SEM
(Figure S9, Supporting Information). We could observe no fur-
ther delamination or significant changes in nanoscale coating
geometry due to macroscopic bending, which seems to indicate
coating stability upon macroscopic electrode deformation.

To analyze the stability of coated NPs inside an in vivo envi-
ronment, coating stability was evaluated by SEM after 4 weeks of
in vivo DBS and the brain sections of rats that underwent 4-week
DBS as previously described in our work,!">! which were mounted
on glass slides, and Pt content in the tissue surrounding the im-
plantation site was quantified using LA-ICP-MS. In this previous
work, we already demonstrated a pronounced stabilization of
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impedance in vivo for 4 weeks, while the impedance in the un-
coated controls increased in the corresponding period verifying
the beneficial properties of the analyzed coatings. Hence, this
work focuses on coating degradation and dissolution in vivo and
does not aim to reproduce the functionality assays. Please note
that the electrodes used for in vivo studies in this work were not
pre-treated by multiple cycling. Figure 8a depicts SEM images of
neural electrodes after removal from the rat’s brain after a 4-week
stimulation period. While many of the electrodes were contami-
nated with organic residues (Figure 8a, right), a minor fraction of
the examined electrodes remained uncontaminated (Figure 8a,
left). Here the presence of a partially intact nanoparticle surface
coating can be verified (Figure 8a) and qualitatively only minor
differences between the coatings before stability tests (Figure 4,
top row) and those after in vivo stimulation are observable. Based
on this finding we conclude that neither the long-term in vivo
stimulation period nor the physical strain during electrode re-
moval substantially degraded the electrodes’ coatings. Figure 8b
shows the amount of Pt present in the stimulated brain region
using PDC-coated electrodes, uncoated negative control, and
colloid injected positive control. Pt quantified in brain regions
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Figure 8. a) In vivo coating stability: SEM image of electrode coatings after 4 weeks in vivo stimulation in rat’s brain. b) In vivo functionality of biodis-
persed Pt mass: average Pt concentration found in the brain slices stimulated with PDC-coated electrodes (N = 3, « = 0.05), uncoated electrodes (N =
3,  =0.05), and in the ex vivo brain slices injected with Pt NP colloid solution (positive control) (N = 2, a = 0.05). Bar plots represent mean values and

error standard deviations.
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Figure 9. Pt biodistribution after 4-week DBS in rat brain: a) optical microscopic and LA-ICP-MS overlay images of brain sections stimulated with
uncoated and PDC-coated electrodes; and b) Optical microscopic and LA-ICP-MS overlay images of brain sections injected with Pt NPs. Scale bars are
2 mm. In the overlay pictures, red signals represent the intensity of phosphorus, and green signals represent the Pt concentration.

stimulated with coated electrodes was significantly higher than
the negative control and significantly lower than the positive con-
trol. Figure 9a represents the distribution of Pt inside the brain
sections that were implanted with uncoated and PDC-coated
electrodes. The intensity of the green color (Pt) is higher in the
coated side of the brain in comparison to the negative control (un-
coated electrode). It should be noted that the insertion holes in
Figure 9a are caused by the electrode housing. Due to the friction
forces during implantation, Pt from the electrode tips could have
diffused to the inner sides of the brain tissues revealing the pres-
ence of Pt. Furthermore, the green signals are the highest in the
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positive control (NP solution injected) brain slices (Figure 9b).
Since the amount of NP injected in the positive control was
higher (50 L), it is likely that the colloidal NP solution migrated
out of the tissue and entered the surrounding fluid, revealing
the Pt signal in the arachnoidal space. Interestingly, Pt signals
were distributed along the implantation tracks of the uncoated
and PDC-coated electrodes and not solely where the electrode
tip was located. Robblee et al. have observed a similar behavior
after stimulation of Pt electrodes and proposed diffusion pro-
cesses and fluid exchanges as explanations.!*’] In the case of the
PDC-coated electrode, also a detachment of Pt NP from the

© 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

85U8017 SUOLLLOD 3A 18810 Bdedl (dde 8y Aq peusenob afe sejoie VO ‘88N JO SaInJ 0} Akeuqi8uljuO A8|IA UO (SUONIPUOD-PUe-SWLIBIW0D A8 | IMAleIq 1 UT|UD//STIY) SUOTIPUOD pue SWwe 1 8y} 88S *[220z/0T/zz] U0 Ariqiauliuo A8|im ‘AuewssD aueiyooD Aq 2£920TZ0Z WYPe/Z00T OT/I0P/W0 A8 | imAeiq1juljuo//Sdiy wolj pepeojumod ‘0 ‘65922612



ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

surface during electrode insertion or removal could be an expla-
nation, but this would not apply to the uncoated electrode. To
further investigate these findings, two additional experiments
were performed and the LA-ICP-MS results are presented in
Figure S8, Supporting Information. By analyzing a brain sample
with only steel casing implantation (without Ptlr electrode)
(Figure S8d, Supporting Information) a release of Pt from
surgical equipment or an introduction of Pt from other sources
than the implanted electrodes was ruled out. Furthermore, an
unstimulated brain sample after short-term implantation of
a PDC-coated electrode and an electrode immersed in Pt NP
were analyzed (Figure S8b, Supporting Information). Here, Pt
is detected for both electrodes revealing that Pt is also released
from the electrodes without stimulation, while immersed and
coated electrodes release about the same amount of Pt. This
is surprising though probably attributed to an overlay of two
effects: I) particle release from the immersed electrode is more
likely as they are only loosely bound to the electrode; and II)
particles from the PDC-EPD-coated electrodes are more tightly
bound but on the other side higher total deposition yields are
reached. Hence, the interplay between these effects will result in
similar amounts of Pt release in both samples. Nonetheless, the
release is significantly lower than in electrodes exposed to long-
term in vivo stimulation (Figure S8a, Supporting Information).
Overall, the results suggest that the broader distribution of Pt
after stimulation cannot be entirely attributed to the detachment
of Pt NPs during electrode insertion and removal, but that
stimulation leads to the dissolution of Pt from the electrodes,
regardless of the coating. Please note that isolated Pt signals
located millimeters away from the insertion site, for example, in
Figure 9a, are either the electronic noise of the ICP-MS system
or artifacts from the laser ablation process of the tissue sample.
In particular, the fact that these particles are isolated and no
gradual Pt change is visible makes their transport by a biological
process highly unlikely.

Pt NPs are widely used in various biomedical applications,
such as for drug delivery, medical implants, cancer cell detection
and many more, and their toxicological nature was investigated
by some researchers.[*’) Adeyemi and peers administered Pt NPs
(10, 50, and 100 mg kg~!) orally in Wistar rats for 30 consecutive
days, which resulted in organ weight alterations, inflammation-
induced lesions, and cellular degeneration.[*’] They performed
another study, where the highest dosage was 50 mg kg!
body weight, which resulted in oxidative stress induction in rat
plasma.[*’l In another study, Pt NPs (15 mg kg™!) were intro-
duced intravenously into BALB/c mice, resulting in acute hep-
atic injury along with increased levels of liver enzymes. How-
ever, NPs of 15 nm sizes showed no significant change in the
enzyme levels.*® Yamagishi and peers also studied the effects
of Pt NPs size via intraperitoneal injection and found that 8 nm
particles did not cause nephrotoxic reactions.[*] Various other
studies confirm that the Pt NPs are non-cytotoxic and can be
used in anticancer therapies.[*>3! Pt NP solutions (1-20 ug m1-?)
were injected into chicken embryos and their results indicated no
adverse effect on their growth and development.>2] In a recent
study, researchers found that the FDA-approved Pt-based drugs
such as cisplatin turned into Pt NPs in vivo in human blood, and
it was biocompatible and hindered the growth of chemotherapy-
resistant tumors.[*! As our findings reveal the presence of 1 g
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Pt per gram of brain, for a rat brain weighing an average of 2
g’ ~2 pg of Pt would have been biodispersed. In comparison
to the total weight of a rat (%335 g), ~0.006 mg kg~! body weight
of Pt would have been systematically released. As this is at least
four orders of magnitude lower than any systemic Pt concentra-
tion used in the literature for biocompatibility assays, systemic
adverse effects are unlikely, however high local concentrations
in the brain are to be considered as well. Thereto, in our pre-
vious work, we studied the neuronal cell counts and glial scar
formation around the implantation site after neural electrode re-
moval and found no differences between coated and uncoated
electrodes.['] However, in the course of potential clinical ap-
proval of the coated electrodes more sophisticated biocompati-
bility assays, for example, monitoring of inflammatory markers
would be useful though these studies are beyond the scope of
this work.

3. Conclusion

The mechanical stability of implant coatings greatly influences
their applicability in vivo. Herein, we performed a surface mod-
ification technique, EPD of laser-generated Pt NPs, on Pt-based
3D neural electrode surfaces. Due to a lack of a comprehensive
study investigating exclusively the mechanical stability of neu-
ral electrode nano-coatings, we evaluated the same using agarose
gel, adhesive tape and ultrasonication. EPD-generated coatings
were more stable in agarose gel (mimicking brain tissue) com-
pared to the other two complementary methods and stability was
retained during in vivo stimulation in rat brains. A subsequent
electrochemical stability test through multiple CV cycling reveals
a further, statistically significant, 17.5% reduction in Z after 1000
cycles probably due to surface restructuring and activation. How-
ever, more cycles negated these effects probably due to further
delamination, pointing at an optimum intermediate cycle num-
ber for maximum performance of the electrodes. Further, quan-
tification of Pt in brain sections after DBS via LA-ICP-MS reveals
a significantly higher amount of Pt in the brain region stimu-
lated with PDC-coated electrodes, in comparison to that of the
control region. However, the body mass-specific Pt dose released
was four times lower in magnitude than those reported in Pt-
nanotoxicity literature. Based on these results, we conclude thata
good way to fabricate high-performance Pt neural electrodes with
the least coating delamination is to electrophoretically deposit
laser-generated PtNPs on their surfaces followed by cycling the
substrates for 500-1000 times in CV, which additionally activates
the surface Pt sites and in turn improves electrode performance.
Therefore, the demonstrated coating fabrication and stability test-
ing could be applied to all relevant 3D implant manufacturing,
while particularly the “activation” of the nano-coating by the cy-
cling of the electrode in an electrochemical cell constitutes an
underexplored approach to improve electrode performance and
coating stability.

4. Experimental Section

Nanoparticle Generation: Ligand-free Pt NPs were synthesized in
Milli-Q water via laser processing in liquids as previously described
elsewhere.['] In brief, a Pt bulk target (10 x 10 X 1 mm?) was ablated
in Milli-Q water using an Nd:YAG laser (Ekspla, Atlantic series, 10 ps,
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1064 nm, 9.6 m), 100 kHz), and subsequently laser fragmentation in lig-
uid environment (LFL) using a nanosecond laser (Innolas, Spitlight, 9 ns,
532 nm, 84 m), 100 Hz, 1.5 ) cm’z) in a passage reactor. This synthesis
route yields particles with an average hydrodynamic diameter of 14 nm
and a total mass concentration of ~500 ug mL~". These concentrated col-
loids were diluted to a concentration of 100 ug mL™" using Milli-Q water
and their pH was adjusted to a value of 11 using NaOH solution (0.1 m),
before EPD. The zeta potential value of the Pt NP colloids was determined
to be —62 mV.

Target Substrate Preparation: PTFE coated Pt—Ir (90:10) wires (Science
Products GmbH, Germany) with a diameter of 76 um were used as coat-
ing substrates for the stability tests. These wires had the same geometry
and composition as the neural electrodes that were used for in vivo stim-
ulations. The wires were cut into lengths of 20 mm and on both ends, the
isolation was removed exposing 4 mm of Pt-Ir surface. One end of the
wires was soldered to electrical plug pins and the other end was thoroughly
rinsed with ethanol and introduced into Pt colloid for EPD. Bipolar elec-
trodes for in vivo experiments were made of two parallel Pt-Ir (90:10%)
wires insulated with Teflon (d = 0.0055” with insulation and d = 0.003"
uninsulated; Science-Products GmbH, Hofheim, Germany), placed in a
0.55 X 17 mm stainless steel tube cut from a 24G syringe needle. At the
contact end, both wires were uninsulated leaving a 500 um long bare sur-
face with ~250 um intercontact distance. Contact pins were soldered to the
other end. The electrode tip was cleaned and conditioned before coating by
immersing it in 65% nitric acid for 15 min and then rinsing it thoroughly
with distilled water. The first impedance measurement was done before
coating, but after cleaning, to exclude changes induced by the cleaning
procedure.

Electrophoretic Deposition: A custom-made EPD chamber for 3D wires
was used for coating.['®] For all the stability tests, the samples were coated
using DC and PDC electric fields. The target substrates were connected
to the positive pole of the electrical source and the surrounding metal
counter electrode in the chamber was connected to the negative termi-
nal. Pt colloid (600 pL) was filled into the chamber and the depositions
were carried out. An electric field strength of 5V cm™! was applied for
both DC- and PDC-EPD. In addition, for PDC-EPD a period of 1 us and
pulse width of 500 ns was applied. The deposition time was set to 5 min
for DC and 10 min for PDC-EPD. The colloids were magnetically stirred
during deposition to avoid sedimentation. Before and after coating, the
colloids were characterized via UV-Vis extinction spectroscopy (Evolution
201, Thermo Scientific) in the wavelength range of 190-900 nm using a
quartz cuvette with a path length of 10 mm to determine the deposited
mass of NPs on each sample (Figure S2a, Supporting Information). The
area under the curve (AUC) of the whole spectra was integrated and quan-
tified against known Pt NP mass concentrations (Figure S2b, Supporting
Information).

To characterize the coated surfaces, the electrode samples were
mounted on aluminum holders and imaged via SEM (operating voltage:
5 kV, Apreo S LoVac, Thermo Fisher Scientific). It should be noted that
the qualitative SEM analysis suffers from poor statistics and it is difficult
to measure the same spot on the wires before and after stability testing.
Therefore, after mounting the samples on aluminum holders, the images
for “before stability testing” were performed. The mechanical stresses as
described below were then applied to the samples, without removing them
from the holders. Subsequently, the “after stability testing” images were
taken. In this way, it could be made sure that the areas of the images are
the regions where the stresses were applied.

Mechanical Stability Tests: The mechanical stability of DC- and PDC-
coated wires were evaluated using three exemplary testing methods: dip-
ping in agarose gel, ultrasonic agitation, and standard adhesion test
(ASTM D3359-17). All the samples were characterized in CV and EIS, be-
fore and after stability testing. Additionally, SEM images were taken before
and after the tests.

Agarose Gel Test: DC- and PDC-coated Pt-Ir wires were dipped into a
simulated brain environment!”:*°] (0.6 wt% agarose gel). For the gel prepa-
ration, agarose powder (0.6 g) was added to Milli-Q water (100 mL) and
stirred continuously at 95 °C until a transparent solution was obtained.
The mixture was cooled down to 35 °C and transferred to plastic cuvettes
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and left to set overnight.[] The average dipping speed was calculated to
be 2 + 0.5 mm s~ and the friction force was calculated to be ~5 un using
Stokes equation (compare Section S3, Supporting Information).

Ultrasonic Agitation: EPD-coated samples were ultrasonicated (PTIC-
30-ES, ALLPAX GmbH & Co. KG, Germany) in Milli-Q water at a frequency
of 40 kHz for 5 min,[831:32] after which they were characterized using CV,
EIS and SEM. The energy applied to the samples was measured to be
864 k| (refer to Section S3, Supporting Information).

Adhesion Test: A slightly modified nano-adhesion tape test was per-
formed according to the American Society for Testing and Materials
(ASTM D3359-17).140-431 10 x 10 mm? of 3M Scotch pressure-sensitive
tape was stuck on the coated wire surfaces and peeled off. Since the wires
had a diameter of 0.076 mm and the coatings were presumed to be mono-
layer packing, an X was not scratched before applying the tape.

Electrochemical Characterization: To evaluate the electrochemical
properties of the depositions, the samples were characterized before and
after stability tests using a three-electrode setup potentiostat (VersaSTAT
3F, AMETEK Scientific Instruments, USA). A Pt wire was used as a counter
electrode, Ag/AgCl or Hg/HgSO, as reference electrodes and the coated
or uncoated Pt-Ir wires as a working electrode. The electrochemical cell
and all components in contact with the working electrode were soaked
overnight in a mixture of ca. 3 g L™! KMnOy, in 0.5 M H,SO,. After the
permanganate solution is recovered, the pieces were rinsed with a diluted
piranha solution and then boiled at least six times with ultrapure water.
Here, a homemade RHE electrode, and Suprapur sulfuric acid were used.

Cyclic Voltammetry: CV measurements were carried out in sulfuric
acid (1 m). The potential window was set from —0.2 to 1.2 V versus RHE
at a scan rate of 0.2 V s~'. Before measurements, the electrolyte was
purged with nitrogen for 45 min and thereafter for 5 min between con-
secutive measurements. Twenty cycles were performed for each sample
and the ECSA was calculated from the voltammogram using the following
equation:[57:58]

ECSA=0Q4/Q, M

where Qy is the charge associated with hydrogen adsorption peak and
Q, =210 pC cm~2, the theoretical charge density of a polycrystalline Pt
surface.[43:59-61]

For testing the electrochemical stability of the coatings, the PDC-coated
samples were “cleaned” by sweeping for a varying number of CV cycles:
100, 500, 1000, and 2000. A three-electrode setup potentiostat (VSP-3e Po-
tentiostat, BioLogic Sciences Instruments) was used. The potential win-
dow was set from —0.2 to 1.5 V versus RHE at a scan rate of 0.5 V s,
Sulfuric acid (0.5 M) was used as the electrolyte and purged with argon
before the measurements. The CV enlargement factors were calculated to
determine the CSC values, by integrating the area under the curve (AUC)
of one full CV cycle.[6:62]

Electrochemical Impedance Spectroscopy: Z measurements were per-
formed in potentiostatic EIS mode from 1 Hz to 100 kHz by applying an
AC, s value of 10 mV and using NaCl (0.9%) as the electrolyte. The mea-
sured values were plotted in Bode format (Z,, versus frequency) and the
Z,40 values at medically relevant frequencies (150 Hz and 1 kHz) were
studied. In addition, the values of electrolyte resistance (Rs), charge trans-
fer resistance (Ry), and double layer capacitance (constant phase element,
CPE) were obtained by fitting the measured data to a one-time constant
equivalent circuit (OTC-EC) modell3%3] (Figure 3c) using the software
ZView (AMETEK Scientific Instruments, USA). The capacitance values
were calculated from the obtained fitting results using the formula:(646%]

Capacitance =Rs('="/".Q(1/") )

where Q is the pseudo capacitance and n is the CPE order, both extracted
from the CPE used in the EC.

In Vivo Experiments: For the in vivo study electrodes were bilaterally
implanted in the STN of 3 male Sprague-Dawley rats as follows: Coated
electrodes were always implanted in the left hemisphere; uncoated, in the
right hemisphere. After two weeks of postoperative recovery, the animals
received chronic electrical stimulation for 4 weeks (100 pA, 130 Hz sym-
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metric, biphasic, and rectangular waves with a duration of 160 ps and
polarization change after 80 us were used. More details can be found in
the authors’ previous work.>! After the stimulation period, the rats were
deeply anesthetized with an overdose of chloral hydrate and transcardially
perfused with paraformaldehyde (4%) solution. The brains were removed
from the cranial cavity, placed in sucrose/phosphate-buffered saline (30%)
solution for at least 12 h, and cut on a freezing microtome (coronal plane)
with a section thickness of 20 um. For the positive control Pt NP mi-
croinjections, cadavers were fixed on the stereotaxic frame. After incision
and defining the bregma, two burr holes were drilled bilaterally above the
targets and 50 uL of Pt NP colloid (100 pug mL™") was injected into the
subthalamic nucleus with a Hamilton syringe, using the following coor-
dinates (in mm) relative to Bregma: anteroposterior: —3.8, mediolateral:
+2.5; dorsoventral: +8. The brain slices were mounted on glass slides and
later analyzed via an LA-ICP-MS device.

LA-ICP-MS Analysis:  Experiments were carried out in accordance with
the EU Directive 2010/63/EU for animal experiments, including approval
by the Lower Saxony State Office for Consumer Protection and Food Safety
(LAVES, AZ 18/2837). LA-ICP-MS measurements were carried out using
an ImageBlO266 laser ablation system (Elemental Scientific Lasers, Boze-
man, USA) coupled to an iCAP TQ ICP-MS system (Thermo Fisher Sci-
entific, Bremen, Germany) via a Dual Concentric Injector (DCI, Elemental
Scientific Lasers). For the quantification of Pt in the brain tissue sections,
an external calibration with matrix-matched standards based on gelatin
(10% w/w) was used.I] Ten calibration points in a concentration range
from 0 to 80 pg g~ of Pt were prepared. The validation of Pt concentra-
tion in the gelatin standards was carried out by bulk analysis via ICP-MS
after digestion with nitric acid. Gelatin standards were cut into 20 um thick
sections with a cryomicrotome (Cryostar NX70, Thermo Fisher Scientific)
and mounted on microscopic glass slides. Brain samples and gelatin stan-
dards were ablated in a line-by-line scan with a laser spot size of 60 um, a
scan speed of 180 um s~ ', a space between the lines of 0 um, and a laser
repetition rate of 100 Hz. A helium gas flow of 11 min~! was applied to
transport the ablated material into the ICP-MS. An additional argon gas
flow of 1.1 | min~" was introduced after the ablation cell for plasma sta-
bilization purposes. The ICP-MS was equipped with a quartz injector tube
with an inner diameter of 3.5 mm, a nickel sampler, and a skimmer cone.
The ICP-MS parameters were set to 1550 W RF power, 14 | min~" cool
gas flow, and 0.8 | min~" auxiliary gas flow. The ICP-MS was used in the
triple quadruple mode with oxygen as a reaction gas. The isotopes 3'P
(detected as 3'P'®0), 1**Pt, and '*>Pt were monitored. '*>Pt was used
for data visualization, whereas 194Pt was used for validation purposes. It
should be noted that the form of Pt (chemical species, NP, or ionic) could
not be determined based on the results obtained. Bright-field microscopic
images were obtained before LA-ICP-MS analysis with a BZ-9000 inverted
fluorescence/bright field microscope (Keyence, Osaka, Japan). Data evalu-
ation and visualization were performed using in-house developed software
(Robin Schmid, WWU Muenster, Muenster, Germany).

Statistical Analysis: All data points are presented as mean values +
standard deviation the sample size was n = 3—4 and details for each ex-
perimental series are depicted in the figure captions. The statistical analy-
sis was performed using OriginLab (v. 2020b) software. One-way ANOVA
evaluations were performed on the data with Tukey's test as a post-hoc
comparison. The a value was set to 0.05, and the levels of statistical signif-
icance are represented as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p
<0.0001. All the presented data was tested for significance, but only those
with a significant difference are explicitly depicted in the graphs.

Supporting Information
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the author.
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8 Summary and Outlook

The development of application-specific surface modification on neural electrodes to improve their
stimulation and recording efficiencies is in high demand. Although nanocoatings based on carbon
nanotubes, polymers, silicon, quantum dots, diamond, etc. are widely investigated, modifying the
surfaces using materials that are minimally different from the base material leads to fewer complica-

tions and rejections later during manufacturing and clinical approvals.

When starting this thesis, open questions around the coating transferability onto 3D neural
electrode surfaces, formation of submonolayer homogeneous depositions, and reduction of electrode
impedance both in vitro and in vivo existed. Therefore in this work, Pt neural electrodes are coated
with laser-generated Pt and Pt-alloy NPs to improve the electrode’s electrochemical performance.
In LAL, the generated PtNPs have a negative surface charge, which electrostatically stabilizes the
colloids in dilute aqueous media. This eliminates the need for adding external stabilizing ligands
to maintain their colloidal nature. Previously, the electrophoretic mobility of the laser-generated
NPs, its relationship with field strength, the stoichiometry of Ptlr NPs during EPD, the influence
of contact angle, and stabilizer ligands were studied. The laser-generated NPs of 10 nm and 50
nm sizes were used to nanostructure the neural electrode surfaces and a 3-week in vitro and in
vivo stimulations in rats were performed. It was observed that the 10 nm particles produced a
stable in vivo impedance. Further optimization of the coating parameters on 2D substrates, and the
relationship between various process parameters such as impedance, electric field strength, surface

coverage, ECSA, and surface oxidation were studied.

When these pure and spherical PtNPs were deposited onto 3D neural electrode surfaces via DC
EPD, a large number of agglomerates were produced with less homogeneous surface coverage. This
was believed to be due to the electric field-induced flows such as the EOF and EHD that form due
to the movement of polar liquids under the influence of a constant electric current. Therefore to
eliminate clustering issues, PDC EPD was chosen as a suitable method in this work. Even though
PDC EPD was also performed in an aqueous medium similar to DC EPD, the non-constant applied
field relaxes the clustered particles when the electric field is in the OFF state. During this OFF
state, the weakly bound particles in the clusters break off and get suspended in the surrounding
medium. When the field is again switched ON, these floating particles adhere to a different spot on
the surface. This phenomena eventually produced more homogeneously distributed sub-monolayer

depositions which went along with a significant reduction in electrode impedance.

When the solvent composition was modified by mixing water and ethanol instead of pure water,
the homogeneity of the deposits became better. The 30% ethanol-water ratio eventually produced
the most homogeneous deposits among all other ratios, which increased the ECSA seven times more
than that of a pure water deposit. This optimum was most likely associated with an interplay between
two opposing forces. For once, water-splitting reactions and bubble formation were reduced when the
ethanol content increased, which led to a more homogeneous coating. On the other hand, at higher
ethanol content viscosity effects inhibited the coating homogeneity. Since tungsten and iridium are

often used in the manufacturing of neural electrodes, PtW and Ptlr NPs were also additionally used
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for EPD. Here, the Pt90Ir10 NPs were found to be a highly interesting combination as they increased
the ECSA and capacitance of the electrodes thereby significantly decreasing the impedance values.
The Pt50W50 NPs on the other hand showed less particle deposition and consequently increased
electrode impedance. This could be due to the fact that the tungsten NPs oxidize in the presence
of water and hence reduce the electrophoretic mobility of the particles. This phenomenon hinders

particle motion and subsequent depositions.

To investigate if the lowering of impedances prevails even in the in vivo environments, PtNP-
coated neural electrodes were implanted into the STN of rats and stimulated for a period of 4
weeks. These NP-coated electrodes were successfully able to maintain low impedance throughout
the stimulation period without fluctuations. When a surface-modified implant is to be used clinically,
the most relevant and deciding factor is the mechanical stability of the deposited coatings. If the
coating delaminates internally after implantation, it could increase the risk to the patients, doctors,
and eventually also to the manufacturers. Therefore, the mechanical stability of the PtNP coatings
was studied by applying minimal, moderate, and maximal mechanical stresses. It was found that
the delamination of the coating was minimal in the simulated brain environment conditions. Upon
analyzing the explanted brain sections, the levels of PtNPs found in them were much lower than
the relevant toxicological values. Therefore, these coatings demonstrate their potential in clinical

applications.

In summary, the EPD coatings prove to be versatile, low cost, and a simple method for surface
modifications. It could be transferable onto target electrodes of any shape and size, hence applicable
in a broad spectrum of research fields. Any scientist irrespective of their area of interest, working
on surface modifications aiming to develop sub-monolayer nanostructures can highly benefit from
the coatings developed in this thesis. Here, the coatings performed using ethanol-water mixtures
and Ptlr alloy NPs were found to enhance the electrochemical properties of the neural electrodes.
Based on these results, further investigations are necessary by using Ptlr NPs as coating materials and
ethanol-water mixture as the dispersion medium. Future studies should investigate this combination’s

coating homogeneity, electrochemical performance, and in vivo behavior.
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S1. Hydrodynamic size distributions

Hydrodynamic size distributions of colloidal platinum nanoparticles (PtNPs) were measured
using analytical disc centrifuge (ADC) at 22000 rpm. LAL and LFL colloid samples were mea-
sured against a sucrose gradient for 20 minutes using a gold NP calibration standard (d = 7.4
nm). Picosecond laser ablation produced colloids with more than one size mode. Upon laser
fragmentation, the larger particles were broken down to form monomodal particles. The colloids
and their corresponding scanning transmission electron microscopy (STEM) images are shown
in Figure S1.

LAL

-

H:

e,

Figure S1: PtNP colloids and their corresponding STEM images after LAL (top) and LFL
(bottom). Scale bar: 100 nm.

Figure S2 shows the number-weighted hydrodynamic size distributions of two different batches
of PtNPs, whose ADC measurements were performed after 1 day and 60 days of LFL. The
results indicate no significant growth in particles even after long storage period.
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Figure S2: Hydrodynamic number distribution of two Pt colloid batches, after day 1 and day
60 of LFL.

S2. EPD yield

To measure the mass deposited on electrode samples, concentration gradient measurements
on generated colloid were performed using UV-Vis spectroscopy. The area under the curve
values (AUC) (integrated from 190 nm to 900 nm) were plotted against the corresponding mass
concentration dilutions (Figure S3). Linear fitting was performed to the obtained gradient
and the AUC values of the samples were correlated with the fit equation to find their mass
concentrations. These mass concentrations were then subtracted from the original mass before
EPD to obtain the yield.
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Figure S3: Mass concentrations of Pt colloid supernatants after (a) DC and (b) pulsed-DC EPD,
correlated with known mass concentration gradient in order to determine the yield (N = 15).

S3. Furlong slope calculations

As explained in the manuscript, Furlong curves were obtained by plotting —log(absorbance)
vs. log(wavelength) from UV-Vis spectra (Figure S4). These Furlong curves were linearly
fitted (avoiding the peak region) to obtain slope values. Furlong slope values are indirectly
proportional to the particle size changes. Therefore, when the absolute Furlong slope value
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increases, it indicates a decrease in the particle size (or decrease in aggregation fraction) and

vicé versa [1].
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Figure S4: Furlong curves of Pt colloid supernatant after (a) DC and (b) pulsed-DC EPD to
determine the Furlong slopes (N = 20). Fitted region is highlighted.

S4. Reproducibility of EPD coatings

In general, EPD in aqueous medium is known to be non-reproducible because of the poor
coating quality due to water splitting, bubble formations and other adverse effects [2, 3]. In our
experiments too, we observed similar effects. In comparison with DC-EPD, the samples with
pulsed-DC EPD were better reproducible. The representative images below (Figure S5) show the
reproducibility of coatings we observed after DC and pulsed-DC depositions.

Pulsed-DC

Figure S5: Representative SEM images of samples coated using (a,b,c) DC and (d,e,f) pulsed-DC
fields (N = 3). Scale bar: 500 nm.



SS. Particle coordinate analysis with controls

Control experiments were performed using the following EPD parameters and image analysis
was performed to generate radial distribution functions (RDFs) and nearest neighbor (NN)
distribution curves. During the control experiments, the colloid concentration was maintained
constant at around 100 pg/ml.

Table S1: EPD parameters used for control experiments

Sample Period Pulse width Duty cycle ton/torr 0/d, Cluster
Parameter in main text 1 us 500 ns 50% 1 1.2 YES
Control 1 1 us 50 ns 9% 0.05 1.72 NO
Control 2 10 us S us 30% 1 3.95 YES
Control 3 100 us 50 ps 50% 1 12.5 YES
Immersed - - - 0 43267 NO
0.40
(@) — Immersed 104 (b) —— Immersed
0.35+ —— Control 1 ——Control 1
o . — conwor
-------- Parameter in main text ——Control 3
= 02594 [\ T T N e Parameter in main text
£ 0.20
o
0.15+
0.10
0054 /) X\ .~ 1 14 /2
0.00 - = = 04= T T T
0 50 100 150 0 50 100 150 200

Distance to nearest neighbor, ryy (nm) Pairwise distance, r (nm)

Figure S6: (a) Nearest neighbor distributions and (b) RDFs of control samples coated with
varying electric fields, revealing cluster formation when both 8/d, < 1 and ton/torr = 1.
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S1. Determination of deposited nanoparticle mass on the samples

Mass deposited on Pt-Ir wires after electrophoretic deposition (EPD) was determined using
UV-Vis extinction spectroscopy (Figure S1). Area under curve (AUC) values of the sample
spectra before and after EPD were correlated with the known mass concentration gradients
of platinum nanoparticles (PtNPs) (Figure S2). The mass remaining in supernatants after
EPD were then subtracted from the mass of the colloid before EPD, to obtain the deposited

mass on each samplel.
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Figure S1: Exemplary UV-Vis spectra of PtNPs before and after EPD performed using
varying concentrations of ethanol-water mixtures as solvent.
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Figure S2: Mass concentration gradient of PtNPs dilutions, measured using UV-Vis spec-
troscopy.

S2. Electrochemical Impedance Spectroscopy

Figure S3 shows exemplary electrochemical impedance spectra of the samples coated with
PtNPs dispersed in pure water, 10 vol.% through 90 vol.% (in steps of 20 vol.%) of ethanol
concentrations and an uncoated sample. The graph confirms the U-shaped parabolic trend
of the impedance values (as observed in the main text) with increasing ethanol concentra-
tion.
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Figure S3: Electrochemical impedance spectra of Pt-Ir wires coated with PtNPs dispersed
in varying concentrations of ethanol-water mixtures.

S3. Charge storage capacity calculation

Figure S4 shows an exemplary cyclic voltammogram (CV) of a coated Pt-Ir sample. The
AUC of one full CV cycle was integrated to obtain the charge storage capacity (CSC)
factors of the samples.
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Figure S4: A cyclic voltammogram showing the integrated AUC used for calculating CSCs.

S4. Surface coverage of PtNPs after EPD

Figure S5 shows the SEM images of Pt-Ir samples - uncoated and coated with PtNPs in
varying ethanol concentrations. Although the SEM has poor statistics, the images still
comply with the trend observed in other analytical methods.

Figure S5: Exemplary SEM images of (a) uncoated sample, PtNP-coated Pt-Ir wires in (b)
10 vol.% ethanol, (c) 50 vol.% ethanol and (d) 70 vol.% ethanol mixtures.

S5. Platinum loading and surface roughness after EPD

The surface roughness factor is calculated using electrochemical surface area (ECSA)
divided by geometric surface area (GSA, 1.2 cm?). For this purpose, the ECSA is calculated

3



by taking into account the Pt mass loading using the formula?2,

ECSA = Qu/[mass loading (p1g) x Q4 (S1)

where Qy is the charge associated with the hydrogen adsorption peak and Q. is the
theoretical charge density of polycrystalline Pt surface, 210 uC/cm?.34

Figure S6 shows the ECSA calculated using the above equation. Due to high variations
in Pt mass loadings because of the fact that microscopic electrodes were coated with
sub-monolayer nanoscopic particles, the ECSA calculated by this method leads to high
error bars. Therefore, a better and more reliable ECSA calculation is used in the main
manuscript, in order to correlate with the impedance change. Table S1 shows the average

roughness factor values calculated.
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Figure S6: Average ECSA values calculated by taking Pt mass loading into account using
the Equation S1 (N = 4, « = 0.035).

Table S1: Average roughness factor values of coated electrode surfaces

Ethanol (vol.%) Roughness factor (107)

0 0.864
10 1.014
30 1.442
50 0.526
70 0.522
90 0.101

S6. Particle-based simulations

For clarity, only a subset of the radial distributions (RDFs) from the simulations were
shown in the main text. Figure S7 shows all RDFs together. Collectively, this analysis

indicates that the particles are more closely spaced as ethanol concentration increases. This
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supports the results and discussion of the main text and is explained by the decreasing
Debye length and reduced range of electrostatic interactions, as shown in Figure 3(b).
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Figure S7: (a) RDFs of all simulations from Figure 3(a). (b,c) Within close separation
distances 10 nm < r < 35 nm, the differences in the radial distribution function are most

apparent, indicating that the particles are more closely spaced as ethanol concentrations
increase.
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S1. EDX of the metal targets used for nanoparticle synthesis
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Figure 1: Exemplary EDX spectra of the metal targets used for the generation of NP colloids: (a)
Pt, (b) Pto0W10, (c) Pt50W50, and (d) Pt90Ir10.
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S2. HRTEM-EDX of Pt alloy nanoparticles
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Figure 2: Exemplary EDX spectra of the Pt-alloy NP colloids measured using HR-TEM/EDX after
drop-casting: (a) Pt, (b) Pto0W10, (c) Pt50W50, and (d) Pt90Ir10.
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S3. Particle size distribution measured by ADC
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Figure 3: Average hydrodynamic mass-weighted particle size distribution of the laser-synthesized
NPs, measured by ADC.

S4. Nanoparticle mass deposited on the electrode surface

Mass deposited on Pt-Ir wires after electrophoretic deposition (EPD) was determined using UV-Vis
extinction spectroscopy (Figure 4). The area under the curve (AUC) values of the sample spectra
before and after EPD were measured and correlated with a calibration curve based on platinum
nanoparticle (PtNP) colloids with known mass concentrations (Figure 5). The mass remaining in
supernatants after EPD was then subtracted from the mass of the colloid before EPD, to obtain the

deposited mass on each sample?.
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Figure 4: Exemplary UV-Vis extinction spectra of NPs before and after EPD: (a) Pt, (b) Pt90W10,
(c) Pt50WS50, and (d) Pt90Ir10.
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Figure 5: Mass concentration gradient of NPs dilutions, measured using UV-Vis extinction spec-
troscopy: (a) Pt, (b) Pt90W10, (c) Pt50W50, and (d) Pt90Ir10.
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S5. CV and EIS curves of PDC-coated electrodes
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Figure 6: Electrochemical functionality of neural electrodes coated using Pt and Pt-based alloy
nanoparticles: (a) Exemplary cyclic voltammograms, (b) Exemplary El spectra, (c) EIS equivalent
circuit model used for fitting the EIS data, and (d) Exemplary EIS fit performed on one of the

measured data.

S6. EPD of Pt alloy NPs using DC-EPD
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Figure 7: DC-EPD of Pt-based alloy NPs: (a) Average mass deposited (normalized to 1) on the
electrodes (N = 3, a@ = 0.05), and (b—e) Exemplary SEM images taken from the sides of the

electrodes. Scale bars are 500 nm.
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Figure 8: Cyclic voltammetry analysis of neural electrodes coated using Pt-based alloy NPs via
DC-EPD: (a) Exemplary cyclic voltammograms, (b) Average ECSA values (N = 3, a = 0.05), (c)
Average CV enlargement factor values (CSC, N = 3, a = 0.05).
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Figure 9: Electrochemical impedance of neural electrodes coated using Pt-based alloy NPs via DC-
EPD: (a) Exemplary EIS spectra, (b) Average Z values at 150 Hz (N = 3, o = 0.05), (c) Average
Z values at 1 kHz (N = 3, @ = 0.05) and (d) Average capacitance values obtained after fitting EIS
data with equivalent circuit model (N = 3, o = 0.05).
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A4 Supporting Information: Influence of Platinum Nanoparticle Coatings on the
In vivo Behaviour of Neural Electrodes

Unpublished results under review
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Figure 1: Calibration curve based on UV-Vis extinction spectra of the laser-generated, aqueous Pt

nano-colloids at different mass concentrations. Area under curve (AUC) values were determined by

integration of the absorbance values in a spectral range 190 - 900 nm.
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A5 Supporting Information: Mechanical Stability of Nano-Coatings on Clinically
Applicable Electrodes, Generated by Electrophoretic Deposition

Available at: https://onlinelibrary.wiley.com/doi/10.1002/adhm.202102637
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S1. Particle size distribution

Figure S1 shows the average hydrodynamic number and weight distribution of laser
fragmented platinum nanoparticles (Pt NPs) used for electrophoretic deposition (EPD).
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Figure S1: Average hydrodynamic size distributions of laser fragmented PtNPs, showing
average diameters at 14 nm (weight %) and 10 nm (number %).

S2. Mass of Pt NP deposited on the samples

Mass deposited on the samples after direct current (DC) and pulsed DC (PDC) EPD was
determined using UV-Vis extinction spectroscopy (Figure S2(a)). Area under curve (AUC)
values of the spectra before and after EPD, were correlated with the known mass concentration
gradients of Pt NPs (Figure S2(b)). The mass remaining in supernatants after EPD was
subtracted from the mass of the colloid before EPD, to obtain the deposited mass on each

1



samplel (Figure S2(c)).
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Figure S2: (a) Exemplary UV-Vis spectra of Pt NPs before EPD and after DC- and PDC- EPD,
(b) mass concentration gradient of Pt NP dilutions, measured using UV-Vis spectroscopy, and
(c) average mass of Pt NPs deposited on the electrode samples after DC- and PDC-EPD (N =
7).

S3. Force and energy generated during stability tests

Agarose gel test:

Frictional force during the agarose gel test was calculated using Stoke’s law (Equation 1).
Here, the sample radius was 38 pm, the viscosity of agarose gel was 5.6 Pa.s?' and the
manually measured push-pull rate was 1.33 mm s™2.

F=6mt-r-n-v 1)

Upon calculation, the friction force was equal to 5.35 N.

Ultrasonication test:

Energy developed during ultrasonic agitation was calculated using Equation 2.

E=P-t )

Here, the power (P) of the ultrasonicator was 2880 Wl and time (t) is equal to 300 s. The
calculated energy applied to the samples was 864 kJ.

S4. Mechanical stability of DC-coated Pt-1r samples

Figure S3(a,b,c) shows exemplary cyclic voltammograms of DC-coated samples, before
and after the stability tests: dipping in agarose gel, adhesion test according to ASTM
D3359-17, and ultrasonication for 5 min in Milli-Q water. Figure S3(d) shows the average
electrochemical surface areas (ECSA) and Figure S3(e) shows the charge storage capacities
(CSC) of the samples, before and after stability tests. It can be seen that, since DC-EPD
produces more agglomerated deposits*l, upon stability testing all the samples showed a
significant reduction in ECSA. However, the least amount of disintegration was seen in
agarose gel (20% ECSA decrease). This could be because the clustered deposits are loosely
bound to one another and are easily removable by ultrasonic waves. If the adhesive tape
would have stuck onto an agglomerated deposit, it also in turn removed a high number of

2



particles from the surface.

Figure S4(a,b,c) shows exemplary electrochemical impedance (EIS) spectra of DC-coated samples,
before and after the stability tests. Figures S4(d) and (e) show the average impedance values at
150 Hz and 1 kHz respectively, before and after the tests. Since the impedance and ECSA are
inversely proportional to each other, the EIS analysis conforms with the ECSA analysis, where
the ultrasonication shows the highest statistically significant increase (264% at 150 Hz and 98% at
1 kHz) in impedance and the agarose gel test shows the least increase (13% at 150 Hz and
26% at 1 kHz), which is significant at 1 kHz. Figure S5 shows exemplary SEM images of the
Pt-Ir surfaces before and after stability tests. It should be noted that the SEM analysis suffers from
bad statistics and it is difficult to image the same area before and after the test. Nevertheless, the
after-test images still reveal the presence of NPs on them confirming that in no testing method, the

NPs are completely removed.
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Figure S4: (a,b,c) Exemplary EIS spectra of DC-coated Pt-Ir wires, before and after stability
tests. Average impedance values at (d) 150 Hz (N =4, a = 0.05), (e) 1 kHz (N = 4, a. = 0.05).
(f) Average capacitance values of the DC-coated samples before and after the stability tests,
showing significant capacitance reduction after ultrasonication (N = 3, a = 0.05).
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Figure S5: Exemplary SEM images of the DC-coated samples (a,b,c) before and (d,e,f) after
the stability tests. Scale bars are 500 nm.

S5. Cyclic voltammograms and EIS spectra of PDC-coated samples
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Figure S6: (a,b,c) Exemplary cyclic voltammograms of PDC-coated Pt-Ir wires, before and
after stability tests, and (d,e,f) exemplary EIS spectra of PDC-coated Pt-Ir wires, before
and after stability tests.



S6. EIS analysis of electrochemical stability tested samples
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Figure S7: (a) Exemplary EIS spectra of PDC-coated Pt-Ir wires, before and after
electrochemical stability tests, and (b) an exemplary EIS fit performed on one of the measured
spectra.

S7. LA-ICP-MS controls with rat brain sections
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Figure S8: Pt biodistribution in rat brain sections visualized by LA-ICP-MS: (a) Brain section stimulated with
uncoated and PDC-coated electrodes. (b) Brain section with implantation of immersed and PDC-coated
electrodes removed after one hour without stimulation. (c) Brain section after injection of Pt NPs. (d) Brain
section without electrode implantation. Shown are the optical microscopic images, LA-ICP-MS distribution



images of 3P0 and Pt as well as overlay images of 3P0 (red) and Pt (green). The scale bar indicates
2 mm.

S8. Bending Assay

Figure S9: Bending Assay. A) Coated Pt-Ir wire (unbent control) 2,000x magnification. B) Coated Pt-Ir wire
(unbent control) 120,000 x magnification. C) Coated Pt-Ir wire bent by ~90° 2,000 x magnification. D) Coated
Pt-Ir wire bent by ~90°, Outside, 120,000 x magnification. E) Coated Pt-Ir wire bent by ~90°, Inside, 120,000
X magnification.
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