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The use of metallic nanostructures in the fabrication of bioelectrodes (e.g., neural implants) is gaining
attention nowadays. Nanostructures provide increased surface area that might benefit the performance of
bioelectrodes. However, there is a need for comprehensive studies that assess electrochemical perform-
ance of nanostructured surfaces in physiological and relevant working conditions. Here, we introduce a
versatile scalable fabrication method based on magnetron sputtering to develop analogous metallic
nanocolumnar structures (NCs) and thin films (TFs) from Ti, Au, and Pt. We show that NCs contribute sig-
nificantly to reduce the impedance of metallic surfaces. Charge storage capacity of Pt NCs is remarkably
higher than that of Pt TFs and that of the other metals in both morphologies. Circuit simulations of the
electrode/electrolyte interface show that the signal delivered in voltage-controlled systems is less filtered
when nanocolumns are used. In a current-controlled system, simulation shows that NCs provide safer

Received 23rd September 2021,
Accepted 3rd February 2022

DOI: 10.1039/d1nr06280h

stimulation conditions compared to TFs. We have assessed the durability of NCs and TFs for potential use
in vivo by reactive accelerated aging test, mimicking one-year in vivo implantation. Although each metal/
morphology reveals a unique response to aging, NCs show overall more stable electrochemical properties
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Introduction

There is a growing body of research on the use of electricity in
interaction with biological systems for therapeutic, diagnostic,
and research purposes. Implantable devices (in vivo) such as
neural interfaces for recording and stimulation,’ spinal cord
stimulators for chronic pain treatment, and low voltage stimu-
lators for accelerated healing of skin ulcers and non-union
bone fractures>* are used in several clinical trials and some of
them are approved by health and safety agencies. In addition,
devices for in vitro electrical stimulation and recording are
being increasingly studied due to their numerous prospective
applications as screening and research tools. Such in vitro
devices include, but are not limited to, devices for measuring
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compared to TFs in spite of their porous structure.

the electrical impedance of cells to evaluate specific biological
activities (e.g., proliferation),* devices for inducing specific cell
responses by means of low voltage electrical stimulation (e.g.,
cell migration, differentiation),’>® and devices for stimulating
and/or recording electrical activities of cells using multi-elec-
trode arrays (MEAs) and multipurpose setups (e.g., lab-on-a-
chip).””?

In both in vivo and in vitro electrical stimulation and record-
ing devices, electrodes are the key components responsible for
communicating electrical signals with the extracellular fluid
(ECF). For biologically safe and effective stimulation and
recording, electrodes should provide several physical, electro-
chemical, mechanical, and biological properties that might
not be found in a single material. The main strategy for devel-
oping bioelectrodes that deliver the desirable electrical pro-
perties with the required mechanical and biological features is
depositing biocompatible conductive materials with superior
electrical properties on substrates that provide the required
mechanical and biological merits.'® Clearly, the deposited
materials should present excellent conductivity to be able to
transfer electrons to/from the electrode surface. At the inter-
face of the bioelectrodes and the ECF, charges are transferred
through faradaic (i.e., electron injection) and non-faradaic (i.e.,
capacitive charge injection via the movement of ions within
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the electrical double layer) mechanisms. faradaic mecha-
nisms give rise to several reversible and irreversible electro-
chemical reactions. Safe charge transfer links to reversible
faradaic reactions (e.g.,, pseudocapacitive behaviour of Pt)
and capacitive charge injection."' The favourable character-
istics of bioelectrodes are mainly quantified by: (1) large
capacitance of the double layer (Cq) that corresponds with
low signal distortion and attenuation; (2) low electrical impe-
dance (Z) that reduces thermal noises and attenuation at the
external amplifier in recording scenarios; (3) high charge
storage capacity (CSC) that reflects the sum of charges
passing to the electrolyte within the voltage window of water
electrolysis."?

Currently common materials used to fabricate bioelectrodes
are biocompatible metals and their derivatives (e.g., gold,"
platinum,™ titanium nitride,"® and iridium oxide'®), conduc-
tive polymers and composites (e.g., PEDOT'’), and carbon
derivatives."®'® Among metals, gold and platinum are fre-
quently used in the fabrication of the bioelectrodes, in particu-
lar as neural stimulators and recording devices in vitro and
in vivo. Titanium has also been tested as bioelectrode in vitro*°
and in vivo,”" but not as broadly as those noble metals, mainly
due to fast oxidation of the surface that increases the risk of
changes in electrical properties. However, the possible use of
Ti in fabrication of bioelectrodes has been always motivating,
due to its extensive commercial application as dental and
bone implants, which could possibly serve as coinciding elec-
trical stimulator.?* Therefore, in this work we focused on Pt,
Au, and Ti to cover a comprehensive characterization for a
wide range of applications and research interests.

The benefit of using nanostructures and nanoroughness in
improving the capacitance of double layer in gold, platinum
and iridium oxide electrodes has been studied lately.
Nanostructures are advantageous in this application because
the electrochemical characteristics are significantly influenced
by the total effective surface area exposed to the electrolyte.
Nanostructures provide larger effective surface area that expli-
citly reduces Z and improve safe charge transfer. This is rele-
vant for the development of miniaturized bioelectrodes that
are less invasive and able to record and stimulate precisely in
small areas down to the single cells. For example, Pt-black
(nanostructured platinum) coatings fabricated by means of
electrochemical deposition revealed at least four times
decrease in Z at 1 kHz and six times increase in charge injec-
tion limit (charge storage capacity within maximum operating
voltage window) compared to a Pt thin film.*® Gold nano-
structures fabricated using deposition of nanoparticles or
chemical roughening also showed dramatically reduced Z and
enhanced charge injection limit.>* Nevertheless, the perform-
ance and application of some of these nanostructures are com-
promised because of impurities generated during fabrication.
For instance, traditional electrochemical roughening methods,
which are used to produce Pt-black, introduces lead impuri-
ties*® and corrosion roughening of Au generates silver impuri-
ties.”® Therefore, physical fabrication methods that offer high
purity, such as electron-beam evaporation and sputtering, are

3180 | Nanoscale, 2022, 14, 3179-3190

View Article Online

Nanoscale

preferred. Among the available physical techniques, glancing-
angle deposition with magnetron sputtering (GLAD-MS) is one
of the trending methods for generating pure metallic nano-
structures,”” especially due to the ability to manufacture on a
larger scale in a cost-effective manner.>® Previously, such nano-
structured surfaces were explored for applications, such as
antibacterial orthopedic implants,>® biosensors,>® and solar
cells.’® We suggest that this scalable and environmentally
friendly fabrication method offers significant advantages for
developing  high-quality ~ stimulation and  recording
bioelectrodes.

The electrochemical properties of the bioelectrodes should
be analysed in the context of a relevant application condition.
For instance, one- and two-electrode setups with current and/
or voltage-controlled systems are distinctively used for in vivo
and in vitro stimulation/recording and therefore, it is impor-
tant to assess the behaviour of bioelectrodes within these con-
figurations. Every electrode-electrolyte system affects the
amplitude and shape of the applied signal. This is directly
related to the capacitance of the double layer and faradaic reac-
tions at the electrode-electrolyte interface.'* The accuracy of
the delivered signal can be assessed experimentally by the
direct measurement of the signals in the cell culture vessel or
tissue, and/or virtually by simulating the electrochemical
behaviour of electrodes.

Another consideration is the long-term performance of the
bioelectrodes in vivo. At the implantation site, implants are
exposed to adverse reactive chemicals such as reactive oxygen
species (ROS) produced by immune system cells in response to
the surgical procedure of implantation and device materials,
and in some cases by a specific disease.** Therefore, for
chronic use, the stability of the electrical performance of the
bioelectrodes should be tested in similar conditions.*® To esti-
mate the durability and performance of bioelectrodes in a bio-
logical environment, several fast-track mimicry conditionings
are used. In particular, accelerated aging in 60 °C PBS and
reactive accelerated aging in 80 °C PBS + H,0, have been pre-
viously tested, and the latter is approved by the Food and Drug
Administration (FDA) for predicting the life-time of neural
implants.®*

In this study, we focused on Au, Pt, and Ti for their use as
bioelectrodes for possible future applications in vivo and
in vitro. We performed a comprehensive characterization of the
electrochemical properties of these metals in nanocolumnar
and thin film morphology. We used glancing-angle deposition
with magnetron sputtering as a versatile fabrication method
for developing morphologically similar nanostructured sur-
faces from Au, Pt and Ti with ultra-high purity. We also simu-
lated the performance of each material/morphology in apply-
ing pulse signals and demonstrated the advantages of nano-
structures on the improvement of the accuracy in signal deliv-
ery. Our study also encompassed testing the durability of nano-
structured surfaces and thin films for in vivo application using
reactive accelerated aging test. We investigated the effect of
aging in the electrochemical properties and material chemistry
and morphology.

This journal is © The Royal Society of Chemistry 2022
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Experimental
Sample fabrication and preparation

Nanostructured electrodes were fabricated from Ti, Au, and Pt
on glass substrates by means of the glancing-angle deposition
technique with magnetron sputtering (GLAD-MS).*>*® The
schematic of the fabrication method and relevant parameters
are depicted in ESI, Fig. S1.} Briefly, glass substrates, 8 mm x
8 mm with ~0.75 mm thickness (Prizisions Glas & Optik
GmbH, Germany), were cleaned and loaded in the ultra-high
vacuum chamber (base pressure in the 10-10 mbar range).
Argon was used as sputter gas at a pressure of 1.5 X 107% mbar,
the lowest value that allowed stable plasma formation, in order
to maximize the ratio between ballistic and thermalized atoms
and consequently improve the definition of the nanocol-
umns.?” Circular targets with diameters of 3.8 cm for Au and
Pt, and 5 c¢cm for Ti were used. The distance between substrate
and target was da, = 19 cm, dp = 19 cm and dp; = 22 cm. The
magnetron sources were supplied by AJA International Inc.
and included a cylindrical metallic chimney (length L: 4.5 cm
for Au and Pt, 9 cm for Ti) placed on top of the target that
increased the collimation of the sputtered atomic flux and
trapped many of the thermalized atoms.*® Direct current exci-
tation was used by means of an electromagnetic generator set
at a constant power of 100 W for Au and Pt, and 300 W for Ti.
With these conditions, the visible plasma glow remained more
than 10 cm away from the substrate and the deposition took
place in the so-called weak plasma regime.?® The substrate was
placed in front of the target (i.e., parallel configuration) and
subsequently tilted an angle a (@, = 80°; ap, = 80°; ar; = 75°)
in order to achieve the GLAD condition. The inclination angle
for the nanocolumns that develop in GLAD-MS, B, depends on
atomic-shadowing effects and kinetic-energy induced relax-
ation processes.’>*® The duration of sputtering was adjusted
to obtain nanocolumnar (NCs) structures with thickness of
~250 nm (ta, = 50 min; tp = 65 min; ty; = 90 min). Continuous
thin films (TF) of Au, Pt and Ti, nominally ~30 nm thick, were
fabricated as control groups in the same setup using the stan-
dard configuration, i.e. with the substrate being parallel to the
target (@ = 0°). An initial bonding layer of Ti (~2 nm) was de-
posited first for all samples (NCs and TFs) using the standard
parallel configuration to increase the adhesion between the
glass substrate and the metallic layer.

Morphological characterization and elemental analyses

The microstructure of the electrodes was studied by scanning
electron microscopy (SEM), using a Verios 460 field emission
microscope (FEI Company, Hillsboro, OR, USA). Images were
taken at 2 kV with a beam current of 25 pA. SEM images are
used for estimating the surface area ratio between NCs and
TFs. Nanocolumns are assumed as perfect tilted cylinders with
elliptical cross sections distributed in a periodic array. The
average size of nanocolumns and the average distance between
two nanocolumns were measured from the SEM images. The
surface area of each cylinder is calculated from the estimated
NCs height (obtained from cross-sectional images) and the
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size of ellipses. Finally, the ratio between the surface including
nanocolumns (NCs area) and the flat surface (TFs area) is com-
puted. In order to determine the elemental composition of the
samples, energy dispersive X-ray spectroscopy (EDX) was per-
formed using an EDX detector (EDAX Octane Plus, Ametek B.
V., Tilburg, Netherlands). The spectra were taken with 400 pA
beam current and a beam energy ranging from 5 to 15 kV
depending on the elements to be detected. Atomic force
microscopy (AFM) has been performed using a Dimension
Icon microscope (Bruker Corporation, Billerica, MA, USA) oper-
ating in non-contact mode and using commercial probes
model NT-TP-HRES (NEXT-TIP, Madrid, Spain) with a reso-
nance frequency about 330 kHz, a spring constant about 40 N
m™' and a 2 nm nominal radius. Raman spectroscopy to
detect the presence of TiOx was carried out with a LabRam HR
confocal microscope (Jobin Yvon, France), using a Nd:YAG
laser of 532 nm wavelength. The thickness of the TFs was
determined by means of ellipsometry with a spectral ellips-
ometer M-2000FI (J. A. Woollam Co., Inc., Lincoln, NE, USA).
Measurements were performed at angles of 55, 60 and 65
degrees, from 300 to 1600 nm. Results were fitted using
CompleteEASE software (J. A. Woollam Co., Inc., Lincoln, NE,
USA).

Electrochemical characterization

For handling purpose during electrochemical characteriz-
ations, a 0.6 mm diameter platinum wire was attached to
samples by means of conductive epoxy (EPO-TEK® H20E,
Epoxy Technology Inc., USA), and cured at 120° C for 30 min.
Then, the connection was sealed using SEM compatible
embedding resin (Technovit® 5071, KULZER GmbH,
Germany). Before each measurement the quality of the connec-
tions was checked and repaired if needed. Electrochemical
characterizations were performed using a potentiostat with
FRA32 M module (Autolab, Metrohm Hispania) in a three-elec-
trode setup. A platinum mesh (8 mm x 11 mm) was used as a
counter electrode and an Ag/AgCl electrode, with 6 mm dia-
meter (RE-1B, Biologic) was used as a reference electrode. A
miniaturized chamber was used to fix the electrodes at 10 mm
distance inside the electrolyte. 300 pl electrolyte solution of
PBS (PBS tablets, EMD Millipore, Germany) was added to the
chamber for each assay. This fixed volume was used to accu-
rately control the height of the electrode immersed in the elec-
trolyte (3 mm) (see Fig. S41). The electrolyte was refreshed for
each measurement. Electrical impedance spectroscopy (EIS) is
performed in the frequency window of 1 Hz to 100 kHz with a
sinusoidal excitation signal of 10 mV. Bode and Nyquist dia-
grams were analysed in Nova 2.1 software. We repeated the EIS
measurement in at least three independent studies. The open
circuit potential (OCP) for each measurement was recorded to
be reproducible with small standard deviation except for tita-
nium thin film that fluctuates largely, possibly due to the for-
mation of an oxidation layer or the limitation of our measure-
ment system for small OCPs (close to zero). Cyclic
Voltammetry (CV) tests have been performed within the water
potential window recommended for Pt [-0.5 V, +0.8 V] with
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sweep rate of 0.1 V s~ The integral of the cathodic part of the
CV diagram (first cycle) is estimated by Origin software
(OriginLab Corporation, Northampton, MA, USA) and used for
calculation of CSC, eqn (1), where I is current intensity, V is
potential, v is the sweep rate and 4 is the geometric area of the
electrode exposed to electrolyte.*!

CSC = 7]I(V)dV'
VXA

(1)

In order to experimentally obtain the electrochemically
active surface area (ECSA), we used eqn (2):***?
C
ECSA = -2 | (2)
Cs
where Cyq is the capacitance of the double layer and Cs is the
material’s specific capacitance (capacitance of an ideal flat
surface). Based on the classic definition

do I
Cd1=@—>cd1=& (3)
de

Cq is measured by performing CV tests at several sweep rates
(from 5 to 130 mV s~ ') within a small voltage window in which
the dominant charge transfer mechanism is capacitive (non-
faradaic). The voltage window is: [-0.20 V, —0.10 V] for Ti and
[+0.35 V, +0.45 V] for Au and Pt. These choices were made
based on the CV curve stabilized at the 10™ cycle. For each
sweep rate (dE/dt), the charging and discharging values of
current (I) are plotted, and Cy is calculated as the slope of the
fitting line. Finally, to obtain ECSA we considered that the Cy
of the TFs is equal to C,. Therefore, the calculated ECSA is
defined as ECSA ratio NCs/TFs.

Simulation

Evaluating the pulse response of the electrode materials is
another useful tool to assess how well suited they are for
stimulation applications."* To do this, one must fit the impe-
dance spectrum to an equivalent circuit. In the present cases,
the data were fit to an equivalent circuit matching the model
for a blocking (i.e., non-reactive) system, which can be rep-
resented by a constant phase element (CPE) in parallel with a
resistor (R¢), together in series with the electrolyte resistance
(R.), the so-called Randles circuit. The CPE is an element
whose impedance is given by eqn (4) where w is the angular
frequency, and « (a constant between 0 and 1) and Q (with
units F/s(1 — a) cm?®) are parameters of the CPE.**

o1
T fare

We used Nova 2.1 software to fit the impedance data to
obtain CPE, Rf and R.. The CPE represents the capacitive
nature of the electrode/electrolyte interface, also known as the
double layer capacitance (Cyq;), which shows frequency dis-
persion and cannot be modelled as a pure capacitor.
Nonetheless, an effective double layer capacitance value (in
Farads) is necessary to use in equivalent circuit modelling to

(4)
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assess the pulse response of the system. To this end, we use
the CPE model developed by Brug et al.*® for a surface distri-
bution of capacitances, potentially due to an inhomogeneous
interface, to calculate an effective double layer capacitance for
the blocking electrode system. Following this model, eqn (5) is
used for calculating the effective capacitance.** By replacing
the CPE element in the blocking equivalent circuit with an
ideal capacitor of value equal to Ce¢ we are able to predict how
the double layer capacitance will filter a voltage-controlled
pulse source or charge with a current-controlled pulse source
using LTspice® software (Analog Devices, USA), a standard
circuit simulator.

Ceff _ Ql/aRe(l—a)/a. (5)

Reactive accelerated aging test

Reactive accelerated aging test (RAAT) was adapted from the
protocol developed by Takmakov et al.*® (see the photograph
of the setup in Fig. S27). Briefly, 750 ml of 20 mM hydrogen
peroxide (H,O,, Chem-Lab, Belgium) solution in phosphate
saline buffer (PBS tablets, EMD Millipore, Germany) was pre-
pared and place in a double-walled jacketed bottle (reaction
chamber) (Duran®, Germany). The temperature of the reaction
chamber was maintained all the time at 85 °C using a water
bath with immersion thermostat heater and circulating pump
(B.Braun, Frigomix, FX-U 0625). The half-life of hydrogen per-
oxide at 85 °C in the condition of our setup was measured as
~96 min (see Fig. S371); therefore, the loss of H,0, must be
compensated in order to maintain the concentration of the
reaction chamber in the range of 10 to 20 mM. For that, we
repetitively added concentrated hydrogen peroxide (750 mM)
and removed the excess volume. We used the first-order
kinetic equation to calculate the amount of the concentrated
H,0, needed to recover the concentration of the reaction
chamber and maintain it during the desired time. Based on
this equation we developed a calculator with MATLAB
(MathWorks Inc., USA) to adjust the duty cycle of pumps and
the velocity of injection and removal of the excess solution to
control the setup and fine-tune the parameters (see ESIf). A
peristaltic pump (Miniplus 3, Gilson) at velocity of 1.84 ml
min~" was used to deliver 9.2 ml h™" of 750 mM H,O, in PBS
from the reservoir bottle to the reaction chamber. The duty
cycle of the delivery pump was 1.25 min ON/13.75 min OFF,
controlled by a timer (Talento-121, GRASLIN, Germany). The
excess volume of 36.8 ml was removed from the reaction
chamber and collected in the waste bottle every 4 hours using
additional peristaltic pump (Minipump Lab S3, Shenchen,
China) at the velocity of 2.45 ml min~". The duty cycle of col-
lection pump was set at 15 min ON/225 min OFF controlled by
a timer (Heschen, CN101A). The concentration of the reaction
chamber was monitored at least once a day by taking samples
of 300 pl. To measure the concentration of H,0,, classical tita-
nium oxalate assay was used. Samples were diluted 5 times in
PBS and mixed with titanium(iv) oxysulfate sulfuric acid
(Sigma-Aldrich) at a ratio of 1:1 and the absorbance was

This journal is © The Royal Society of Chemistry 2022
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measured at 410 nm using micro-plate reader (BMG
LABTECH, FLUOstar OPTIMA, Germany). When the concen-
tration of the reaction chamber is stabilized, samples were
loaded to the reaction chamber using a Teflon basket and kept
for 12 days and 22 hours to mimic 1-year in vivo implantation.
This duration calculated using AAT calculator.*®

Results and discussion

The morphology of the metallic bioelectrodes is summarized
in the representative scanning electron microscopy (SEM)
images in Fig. 1A. Nanostructured surfaces in the form of
tilted nanocolumns (NCs) have been fabricated by GLAD-MS
method.>**® For comparative study, flat thin films (TFs) have
been fabricated by standard magnetron sputtering, i.e. with
the substrate being parallel to the target. The NCs were fabri-
cated with a thickness of ~250 nm, confirmed by cross-sec-
tional SEM images. Considering the tilted geometry that we
used for deposition, the thickness is not homogeneous along
the sample axis parallel to the atoms flux. However, as in our
system the distance between substrate and target was quite
large (~20 cm), the thickness variation is fairly reduced (less

h=253 nm
B=20°

B) C) u
E
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Fig. 1 Morphological characterization of nanocolumns and thin films.
(A) Scanning electron microscopy (SEM) images of nanocolumns and
thin films. First and second rows are top view images of Ti, Au, and Pt
thin films and nanocolumns, respectively (scale bar = 100 nm). The
cross-sectional views of nanocolumns are presented in the third row. (B)
Ratio between the estimated surface area of NCs and TFs (SA ratio NCs/
TFs). (C) Ratio between electrochemically active surface area of NCs and
TFs (ECSA Ratio NCs/TFs).

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

than 20 nm in thickness for 8 mm displacement). Therefore,
the variation of the NCs thickness along the sample is less
than 10%. TFs were fabricated with a thickness of ~30 nm,
confirmed with ellipsometry. The thickness of conductive
films may influence the resistivity of the electrodes. It has
been shown that electrical properties of Pt and Au TFs with a
thickness larger than ~15 nm are similar to those of the bulk
material.””*® Therefore, the thickness of 30 nm for control
groups (TFs) is reasonable. Moreover, we compared the impe-
dance of 30 and 100 nm thin films and obtained similar
results, which supports our assumption. Interestingly,
although NCs are fabricated by the same method, each metal
shows a unique morphology and inclination angle j, Fig. 1A.
The fabrication of nanocolumns with GLAD-MS is not straight-
forward, since several factors influence the deposition process
(e.g., the ratio between sputtered ballistic atoms and therma-
lized ones, intensity of the plasma regime, the use of collima-
tors, and the geometry of the targets).”’>° We used a weak
plasma regime where the obtained inclination angle for the
nanocolumns () mainly depends on the influence of kinetic-
energy induced relaxation processes:*° the higher the influ-
ence, the more vertical the nanocolumns. Relaxation processes
have maximum and minimum importance in Ti and Au
respectively; thus f is 20° for Ti and 55° for Au.*”*° The
obtained inclination angle for Pt is 50°, close to the value
obtained for Au as expected from their proximity in the peri-
odic table. The shape and size of NCs are distinctive for each
metal. Ti NCs display a well-defined columnar structure with
terraces and average diameter of 54 + 16 nm. Conversely, Au
NCs are less-distinctive, less homogeneous in size and appear
in large bundles with diameter of 150 + 44 nm. Pt NCs,
although still appearing in bundles, are clearly distinctive and
the narrowest (26 + 15 nm). In spite of these specific morpho-
logical variations, we believe that the columnar structures and
dimensions are similar enough to allow a fair comparative
assessment.

Nanostructuration increases surface area. From the SEM
images, we have estimated the ratio between the surface area
of NCs and TFs (Fig. 1B). The results show that the amplifica-
tion is at least 4 times. Nanotopographical features expose
larger amount of surface area to the electrolyte at the interface,
and consequently, they dramatically affect the impedance (Z2).
Fig. 2A and B show Bode plots (magnitude of Z vs. frequency
in log scale) of all NCs and TFs. The Z of Ti, Au and Pt NCs are
significantly lower than those of their corresponding thin
films. It has been discussed previously that larger surface area
in neural electrodes gives rise to reduced Z and increased
charge injection capacity. Boehler et al. showed that the impe-
dance of neural implants using grass-like nanostructured Pt
electrodes is significantly reduced compared to thin films.*®
For Ti and Pt NCs, Z at low frequencies (~1-100 Hz) is about
one order of magnitude smaller compared to Ti and Pt thin
films; this value for Au NCs is about 2 times smaller compared
to Au TF. The average Z calculated from several replicated
experiments at frequencies of 1, 40, and 1000 Hz is shown in
Fig. S5.1 At higher frequencies Z converges to a value around
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nanocolumns and thin films. (C) Representative cyclic voltammetry test results for each metallic nanocolumns and thin films. (D) Charge storage
capacity for each metallic nanocolumns and thin films calculated from several measurements.

100 Q for all metals and morphologies. Indeed, the shape of
all Bode plots correlates with the typical electrochemical
behaviour of metal electrodes in saline.

At high frequencies log|Z| is mainly dominated by the resis-
tivity of the electrolyte that is the same in all measurements
(100 Q). At intermediate frequencies, log|Z| decreases linearly,
which is associated with the formation of Helmholtz double
layer and capacitive charge injection. All NCs present lower
values in this region compared to TFs, which indicates that
the increased surface area leads to a larger capacitance of the
double layer.

Fig. 1C demonstrates the ratios of electrochemically active
surface area (ECSA) values between NCs and TFs for each
metal. The current vs. sweep rate plots are presented in

3184 | Nanoscale, 2022, 14, 3179-3190

Fig. S6.f Results show that Ti, Au, and Pt nanocolumns
present ~19, 20, and 11 times more electrochemically active
sites compared to their thin films, respectively. These values
support the enhanced electrochemical performance of the NCs
compared to the TFs. However, this result does not explain
why the increase in the impedance of Au NCs compared to Au
TFs is smaller than that of Pt and Ti NCs compared to their
thin films. This implies that other mechanisms might be
involved in the electrochemical performance of nano-
structured surfaces. Moreover, ECSA ratios are larger in all
cases compared to surface area ratios estimated from SEM
images, Fig. 1B. In addition, ECSA and SA ratios for each
metal do not follow the same trend. This can be explained
through the presence of nanotopographical features on the

This journal is © The Royal Society of Chemistry 2022
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lateral surface of the nanocolumns that are disregarded in the
image analysis due to the simplicity of our estimation model.

In another attempt to quantify the nanotopography, we
measured the root mean square (RMS) roughness values of
NCs and TFs from Atomic Force Microscopy (AFM) images,
Fig. S7 and Table S1.f However, it should be noted that the
RMS roughness obtained for NCs is always underestimated
since the scanning AFM tip cannot penetrate down to the sub-
strate in every inter-columnar space due to the high aspect
ratio of those features.”® RMS values summarized in Table S17
reveal that the roughness of Ti, Au, and Pt NCs are at least 42,
67 and 73 times larger than that of TFs, respectively. Once
again, we found no straightforward relation between nanor-
oughness and impedance. Overall, although the increase in
surface area (confirmed by all three techniques) improves the
electrochemical performance of electrodes, dissimilar trends
among the techniques implies the additional role of intrinsic
properties of the material (such as electrical properties,
surface chemistry and wettability).

Moreover, we observed that the cut-off frequency (feutoff) iS
dramatically decreased when nanocolumns are used: fiuc.ofr Of
Pt and Ti NCs are as small as ~15 Hz. foueofr 1S the frequency
where the phase angle of complex Z is —45° and marks the
transition from decreasing linear part to plateau in Bode plot.
Above this frequency, the capacitance of the double layer does
not longer dominate the impedance of the system and signals
do not experience non-linear distortion. Boehler et al. already
pointed out that f.,.o¢ iS an important value to be reported
since it describes the competence of the system for accurate
signal delivery.”" Therefore, a system with lower fic.oe values
offers highly accurate signal transition for broader range of
frequencies.

We performed cyclic voltammetry (CV) on each electrode,
Fig. 2C, and calculated the charge storage capacity (CSC),
Fig. 2D, using the integral of the cathodic current during the
first CV cycle. The CSC is an indicator for the sum of the
charges that can be introduced to ECF at the electrode/electro-
lyte interface."® Pt in both NCs and TF configurations present
the highest CSC values. CSC highly depends on the intrinsic
properties of the material. Pt displays a pseudocapacitive
behaviour, due to reversible faradaic reactions at the interface
(e.g., Pt + H,O 2 PtO + 2H' + 2¢” and Pt + H,0 + e~ 2 Pt-H +
OH") that boosts safe electron injection to electrolyte.'">
Moreover, we observed that the CSCs values are significantly
improved when NCs are used: two-fold for Ti and Au and four-
fold for Pt. Therefore, larger surface area significantly
improves the CSC.

Reduced Z and increased CSC are favourable characteristics
for stimulation systems both for in vivo implants and in vitro
setups. When the impedance of a system is smaller, lower
voltage is required for producing effective current. Therefore, a
system with lower Z works within a smaller voltage window,
which prevents harsh irreversible faradaic reactions such as
the reduction (2H,0 + 2e~ — H,1 + 20H") and the oxidation
(2H,0 — 0,1 + 4H" + 4e7) of water that could considerably
alter the pH of the ECFE.'! Irreversible reactions for biological

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

systems are not only limited to water electrolysis. Other mole-
cules such as ascorbic acid, which is found in brain tissue, can
be oxidized at lower potentials (E;,, = 0.25 V vs. Ag/AgCl) than
water (Eyj, = 1.03 V vs. Ag/AgCl).>® This is a critical consider-
ation for current-controlled systems in which the applied
signal can cause the resulting voltage to surpass the biologi-
cally safe potential window. Lower impedance provides the
possibility to apply effective current in a smaller voltage
window. In voltage-controlled systems, the applied voltage is
controlled and kept in the safe potential window, however the
signal can be filtered by the capacitance of the double layer.

To assess the performance of our materials as electrodes in
voltage and current controlled systems, we turn to simulation.
First, we fit the impedance data to a Randles circuit with a con-
stant phase element (CPE) in parallel with a resistor (R¢) to
model capacitive and faradaic charge transfer mechanisms at
the electrode/electrolyte interface, Fig. 3A. Note that the charge
transfer resistance was too large and thus was excluded from
subsequent modelling. From the CPE, which represents the
double layer effect, we calculated the effective capacitance of
the double layer for each material (Ce) following a procedure
fully described in the Experimental section. The C.s average
values calculated for each material and morphology are shown
in Fig. 3B. C.¢ is significantly increased when NCs are used. In
particular, the Ce of Pt NCs is more than 20 times larger than
that of Pt TFs. This value is ~2 and ~14 times larger for Au
NCs and Ti NCs compared to their TFs, respectively. Ces is nor-
malized by the geometrical area of the samples and is used for
modelling specific scenarios described next. We simulated the
behaviour of both NCs and TFs in hypothetical current- and
voltage-controlled systems using the equivalent circuit model
of a capacitor in series with a resistor.

Voltage-controlled systems are commonly used for deliver-
ing pulsed electric fields to cells in culture (in vitro) to assess
its effect on cellular processes.>>**® In our simulation, we
chose a value for the electrolyte resistance R. to be 100 Q,
which is comparable to the conditions that occur in standard
in vitro setups. We scaled Ce¢ to be accurate for the geometri-
cal surface area of the commercially available Ion Optics®® elec-
trodes. In a voltage-controlled system, a pulse voltage is
applied (V,pp) and we measured the voltage across the electro-
Iyte (Vge). In Fig. 3C we demonstrate the result of such transi-
ent electrical simulation for Pt NCs compared to Pt TF electro-
des (results for Au and Ti showed similar trends, Fig. S8). We
showed the signal delivered by NCs remains closer to the
applied signal compared to TFs. The double layer capacitance
filters the voltage across the system and causes distortion in
the delivered voltage. If C.f is a large value, the filtering effect
is small because the time needed for the double layer to
charge is long and the majority of the voltage drop occurs over
the electrolyte during the voltage pulse.

Current-controlled systems are commonly used for in vivo
neural stimulation with micro-scale implantable electrodes in
the brain or nerves.' In a current-controlled system, a bipha-
sic current pulse is applied (Inpp) to provide charge balance
and the charge per phase is a critical measure for safety and

Nanoscale, 2022, 14, 3179-3190 | 3185
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across the double layer exceeds —1 V (surpassing water splitting window) when TF is used. In case of NCs, a peak of voltage at —0.5 occurs that is in

the biologically safe stimulation window.

57,58

biocompatibility.’
tions of a system that relates to charge per phase limits, we
measure the voltage across the double layer capacitor (Vy;) for
equivalent circuit parameters that reflect R. and Ces for a
50 pm diameter electrode, which is a typical size for electrodes
in neural implants. Using a Ceg value scaled for the geometri-
cal area of such electrode and an R, of 50 kQ, Fig. 3D shows
the voltage across the double layer (Vy;) for a Pt NCs and TF
electrodes. With the same current pulse, Vg4 surpasses the
water window in case of TF, and it remains in the safe poten-
tial window in case of NCs, thus showing that nanostructured
electrodes offer a much greater “safe” range of operation
regarding current amplitude and pulse width.

The durability and long-term performance of bioelectrodes
that are implanted inside the body (in vivo) are challenged by
foreign body reactions (FBR).>> FBR and inflammatory
responses are triggered by several factors, mainly the implan-
tation procedure (surgical incisions), and reactions to the
material used for electrodes and packaging of the electronics
(e.g., Parylene C).°° During FBR, immune cells, such as mono-
cytes and macrophages are recruited and activated at the
implantation site. Through the activation, macrophages
release reactive oxygen species (ROS). This is also known as
immune cells respiratory burst that leads to oxidative stress.®!

To visualize the electrochemical restric-

3186 | Nanoscale, 2022, 14, 3179-3190

ROS affects the long-term performance of neural implants
both in central and peripheral nervous system by increasing
corrosion and delamination in both packaging and electrode
biomaterials.®> Accelerated aging tests (AATs), where high
temperature is used to fasten chemical reaction kinetics, have
been previously developed to predict the life time of medical
devices implanted in the body or stored at room tempera-
ture.®® For instance, soaking a biomaterial in PBS at 60 °C
induces an acceleration factor of 4.92 compared to the body
temperature (37 °C), and a factor of 11.31 compared to storage
at 25 °C.”" Recently, reactive accelerated aging test (RAAT) has
been developed as an FDA approved method for testing the
durability of neural implants in vivo.>* In RAAT, a 20 mM H,0,
solution in PBS is used at 80 °C to mimic several months of
implantation considering FBR.?? Although RAAT is considered
to be a pessimistic setup, it has been proved to be relevant in
mimicking the oxidative stress caused by immune
responses.®*®>%* Although studies using RAAT are generally
focused on the durability of the device as a whole and cor-
rosion of packaging biomaterials, we consider RAAT also as a
useful method to study the durability of metallic electrodes. In
particular, monitoring changes in electrochemical properties
of electrode biomaterials after aging is a relevant factor to
study. We have run a RAAT during ~13 days on all NCs and

This journal is © The Royal Society of Chemistry 2022
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TFs, mimicking one year of implantation in vivo. Fig. 4A shows
the SEM images of the surfaces after aging. Ti NCs peeled off
after RAAT probably due to the severe oxidative reaction. Ti TF,
which is not as porous as Ti NCs, stayed attached to the sub-
strate, however it was affected the most among the other
samples. Several deep holes and delaminated areas are
observed on abundant places at the surface. We hypothesized
that accelerated formation of TiO, during aging caused these
effects. We backed up this hypothesis by performing Raman
spectroscopy of Ti TFs before and after RAAT and showed the
increase in presence of anatase (TiO,) in the aged samples
(Fig. S9%). The fact that we have observed an increase in the
amount of anatase explains a possible reason for delamination

A)
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, X

5%
H0,inPES \ =

[10-20 mM]
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O 0.

85°C
100.nm
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of NCs. Crystalline unit cell of TiO, is larger than that of Ti,
therefore the formation of anatase increases stress and strain
of the lattice structure, which consequently gives rise to micro-
crack growth, fracture, and delamination. Due to its superior
surface area, higher amount of anatase forms on NCs that
makes Ti nanostructured surfaces become more vulnerable
compared to TFs.

In clear contrast, Au endured RAAT particularly well. The
microstructure of Au NCs appeared fairly unchanged, which
was even slightly better than the Au TFs. Although continuous
heating at 85 °C caused grain size enlargement in Au TF
(shown by SEM, Fig. S117) and likely in Au NCs, there is no
other obvious defect found except than tiny sporadic micro-

W
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Fig. 4 Morphological and elemental analysis of NCs and TFs after reactive accelerated aging test (RAAT). (A) SEM images of Au, Ti and Pt NCs and
TFs after RAAT mimicking 1-year implantation in vivo. (B) Elemental analysis by EDX of the precipitates found on TFs. NaCl from PBS precipitates on

Ti and Pt TFs but not on Au.
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Fig. 5 Electrochemical characterization of NCs and TFs after RAAT.
(Left) Impedance Bode plots and (right) charge storage capacity of Ti, Au
and Pt before and after reactive accelerated aging.

pits. Micro-pits also appeared on Pt TFs and more on Pt NCs
after aging. The full delamination of the metal within the
micro-pit area is confirmed by EDX point analysis, Fig. 4B.
Overall, NCs (except Ti that delaminated because of oxidation)
endured the harsh condition of the RAAT better than antici-
pated despite their porous structure. However, there is a slight
degradation of Pt NCs that is not observed in Au NCs. Also,
interestingly NCs did not get contaminated by NaCl precipi-
tates sourcing from the PBS solution. We detected NaCl pre-
cipitates on Ti TFs and Pt TFs and NCs, but not on Au TFs and
NCs, Fig. 4B (for more details and details on NCs see Fig. $10,
S12, 13, S14 and S15 in ESI¥).

We also performed RAAT with interruptions (putting the
sample in and taking it out every 3 days and 5 hours that is
equivalent to 3 months in vivo), to study the evolution of the
aging. We samples is generally less severe when the test is not
continuous, though the results follow the same trend. Mainly,
we observed less blister-like defects and pits in samples aged
with interruptions compared to the continuous aging. Noticed
that the effect of aging on the microstructures of all We assign
this effect to the formation and burst of large gas bubbles on
the surface of the samples when the system is not disturbed.
The bubbles are made in result of the H,0, fast decay at 85 °C
in RAAT condition. Therefore, we also agree with Boehler
et al®' that RAAT is a pessimistic scenario for mimicking

3188 | Nanoscale, 2022, 14, 3179-3190
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in vivo conditions because it produces some effects (such as
bubble burst and micro-pit generation) that are not relevant
in vivo.

We measured the Z and the CSC of the samples after aging
and compared the data with fresh samples, Fig. 5. In Ti TFs we
observed that the Z increased in the aged sample probably due
to the precipitates on the surface. The CSC value, although
still negligible, increased up to 7 folds possibly due to pres-
ence of TiO, that is shown to have pseudocapacitive behav-
iour.®® For Au NCs and TFs, we obtained similar Z values
before and after aging, however the equivalent circuit para-
meters were slightly changed (Table S27). In the aged Au TFs,
R¢ reduced dramatically indicating the presence of new fara-
daic reactions. Before aging, Ry was extremely large (~T Q) that
implies no faradaic charge injection. After aging, Ry is around
20 kQ, which suggests the presence of new faradaic pathways.
The CSC remained almost unchanged for Au NCs and TFs.
The Z for Pt NCs remains fairly stable after RAAT, showing
high reliability of Pt NCs even after exposing to the harsh con-
ditions of RAAT. The CSC of both Pt NCs and TFs decreased
possibly due to the presence of regions with delamination and
pitting after aging. Overall, the outcome of exposing metallic
NCs to RAAT was not predictable. Yet, in each metal the
leading mechanism appears to be different. Ti NCs didn’t
survive RAAT because they were highly susceptible to oxidation
due to their large surface area. Pt and Au NCs, being chemi-
cally inert, were not influenced by oxide/peroxide reactions;
however, we assume that their surface tension properties
played a role in pit formation and precipitate accumulation,
which result in minor changes in electrochemical properties.

Conclusions

We introduced a unique scalable fabrication method for devel-
oping nanostructured metallic surfaces with ultra-high purity
that is useful for developing advanced stimulation and record-
ing bioelectrodes for in vivo and in vitro applications. We ran a
comparative study between three biocompatible metals (Ti, Au,
Pt) with nanocolumnar morphology and thin films of the
same metals. Overall, Pt NCs demonstrates the most improved
impedance results compared to Pt thin films and other metals
and morphologies. Pt NCs also revealed spectacular charge
storage capacity compared to the other materials and struc-
tures that were tested in this study. Our experimental and
simulation data together showed that a current-controlled
system with nanocolumnar electrodes provides biologically
safer (larger operation voltage and larger water window) stimu-
lation compared to thin films. Signal delivery in a voltage-con-
trolled system is more accurate when NCs are used. The electri-
cal impedance and the charge storage capacity are significantly
improved when nanostructures are used, because of the
increase in surface area. The influence of specific nanocol-
umns parameters, such as length or inclination is a subject for
future research. Besides, we observed that the intrinsic electri-
cal and chemical properties of each metal play an important

This journal is © The Royal Society of Chemistry 2022
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role. For example, Ti NCs revealed a significant improved CSC
compared to Ti TFs, but this value is an order of magnitude
smaller than CSC of Pt TFs.

Another part of this study was dedicated to reactive acceler-
ated aging test for estimating the stability of these metallic
NCs after implantation. Interestingly, in spite of their porous
structure, noble metal nanocolumns (Au and Pt) stand the
harsh condition of oxidative aging fairly well and their mor-
phological and electrochemical properties did not change sig-
nificantly. Ti behaved differently and was affected by the aging
test due to severe oxidation and delamination. Overall, we
showed that noble metal nanostructures are durable and
effective candidates for fabrication of bioelectrodes with
improved electrochemical properties. These nanostructures
that are produced by a scalable and economical method
(GLAD-MS), can safely and advantageously replace thin films
in fabrication of bioelectrodes. Although these data were
obtained with electrodes in no contact with living tissues or
cells, they provide a good approximation for the future appli-
cation of these materials as bioelectrodes in vivo and in vitro.
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