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Abstract
Neural electrode interfaces are essential to the stimulation safety and recording quality of various bioelectronic
therapies. The recently proposed hierarchical platinum-iridium (Pt-Ir) electrodes produced by femtosecond lasers have
exhibited superior electrochemical performance in vitro, but their in vivo performance is still unclear. In this study, we
explored the electrochemical performance, biological response, and tissue adhesion of hierarchical Pt-Ir electrodes by
implantation in adult rat brains for 1, 8, and 16 weeks. Regular smooth Pt-Ir electrodes were used as a control. The
results showed that the electrochemical performance of both electrodes decreased and leveled off during
implantation. However, after 16 weeks, the charge storage capacity of hierarchical electrodes stabilized at ~16.8 mC/
cm2, which was 15 times that of the smooth control electrodes (1.1 mC/cm2). Moreover, the highly structured
electrodes had lower impedance amplitude and cutoff frequency values. The similar histological response to smooth
electrodes indicated good biocompatibility of the hierarchically structured Pt-Ir electrodes. Given their superior in vivo
performance, the femtosecond laser-treated Pt-Ir electrode showed great potential for neuromodulation applications.

Introduction
Neural implants have been remarkably successful in

treating various neurological and psychiatric disorders
and have shown great potential for brain-computer
interfaces (BCIs)1. As an important component of both
neuromodulation and BCI devices, the implanted elec-
trodes for stimulation and/or recording must meet the
requirements of safe charge transfer and minimal impe-
dance changes2.
Platinum-iridium alloy (Pt-Ir), with its excellent bio-

compatibility and corrosion resistance, has been widely
used in implanted neural electrodes, such as deep brain
stimulation (DBS), stereotactic electroencephalography,

and cerebral cortex electrodes3. To achieve more precise
stimulation and recording with higher spatial resolution,
electrodes are becoming smaller4. The reduced elec-
trode size leads to increased stimulation charge density,
which tends to exceed the electrochemical limits of
Pt-Ir electrodes2,5. In addition, smaller electrodes are
usually accompanied by a high impedance, which not
only reduces stimulation efficiency but also affects
recording quality1.
Various methods have been reported to improve the

charge transfer and reduce the electrochemical impe-
dance of Pt-Ir electrodes, typically including coating6–9

and surface modification10,11. These approaches can sig-
nificantly enhance the charge storage capacity and reduce
the electrode impedance; however, there are also chal-
lenges limiting their practical applications, such as bio-
toxicity and lack of long-term stability of materials1.
Recently, femtosecond laser direct writing, another

surface modification technique, has emerged as one of the
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best methods for creating micro/nanostructures on metal
surfaces due to its flexibility, simplicity, and controll-
ability12,13. Through processes such as reconsolidation after
ablation and redeposition of nanoparticles, various micro/
nanostructures can be produced on Pt-Ir surfaces13. After
optimization of the processing strategy, the in vitro charge
storage capacity of hierarchical Pt-Ir electrodes has been
shown to increase by more than an order of magnitude with
highly reduced interface impedance14.
For long-term applications, neural electrodes must have

good electrochemical properties and biocompatibility
in vivo1. Although Pt-Ir electrodes have demonstrated
stable performance for decades in clinical use, the new
surface structures may have an impact on cell and tissue
adhesion, thus affecting their performance15. Earlier, an
in vivo study showed that there were different biological
adhesions and changes in electrochemical performance for
smooth and porous titanium nitride electrodes after several
weeks of implantation in the rat dorsum16. However, the
foreign body response could be influenced by the implanted
regions and surface structures15. The electrochemical
properties and long-term biocompatibility of hierarchical
Pt-Ir neural electrodes within the brain remain unclear.
In this study, both hierarchical and smooth Pt-Ir elec-

trodes were implanted in adult rat brains to investigate

the effects of the surface structures on the electrochemical
performance and electrode-tissue interface. The in vivo
acute and chronic studies were expected to assess the
clinical feasibility of the novel electrode architecture.

Materials and methods
Experimental design
The study overview and experimental schedule are

illustrated in Fig. 1. Sprague–Dawley rats aged 6~8 weeks
were randomly assigned to the smooth Pt-Ir (sPt-Ir) and
hierarchical Pt-Ir (hPt-Ir) groups (Table 1). In each group,
18 rats were equally distributed to 3 implantation dura-
tions: 1, 8, and 16 weeks. Each rat was implanted with 1
electrode. Electrochemical testing and surface character-
ization were performed before and after implantation, and
histological sections were analyzed at every implantation
endpoint. The procedure was approved by the Institu-
tional Animal Care and Use Committee of Tsinghua
University and followed the requirements for animal care
and handling.

Electrode fabrication
Bare Pt-Ir alloy tubes with an outer diameter of

1.27 mm and a wall thickness of 100 μm were used (90%
Pt and 10% Ir, Johnson Matthey, USA). Hierarchical
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structures on Pt-Ir were produced by a previously
described femtosecond laser system with the following
optimized parameters: pulse energy of 10 μJ, the repeti-
tion rate of 100 kHz, scanning speed of 5 mm/s, and
scanning interval of 8 μm14. After laser treatment, the Pt-
Ir tube was cut off with a length of 1.5 mm to form
electrode contacts. Then, debris was removed from the
surface by ultrasonic cleaning in water for 30 s (Fig. 1a).
The sPt-Ir was directly cut from the Pt-Ir tube without
laser treatment. The contacts were connected to 0.1 mm
diameter MP35N wires (Fort Wayne, USA) and set on a
1.3 mm outer diameter polyurethane tube (Lubrizol,
USA). The electrodes were fixed on a photosensitive resin
mounting base (DSM, Netherlands) conforming to the rat
skull (Fig. 1b)17.

Surgical procedure
Each animal was anesthetized with 2% sodium pento-

barbital (40 mg/kg) and then fixed by the ear bars of a
stereotaxic frame (World Precision Instrument, USA).
After shaving the scalp, the skin was incised to expose the
bregma. The electrodes were implanted toward the right
subthalamic nucleus, but a shallower position was chosen
to avoid stabbing through the brain. The coordinates were
determined according to George Paxinos & Charles
Watson’s stereotaxic atlas of the rat brain18: 3.8 mm
behind the bregma, 2.5 mm to the midline, and 6mm
subdurally. A randomly selected sPt-Ir or hPt-Ir electrode
was implanted and fixed by stainless steel screws (Fig. 1c).

Behavioral and health assessments
Overall survival and postoperative behavior were

recorded for all animals. Weekly body weight was assessed
as an indicator of general health.

Electrochemical testing
Electrochemical performance was tested using an

electrochemical workstation (CHI 660E, CHI, China). In
vitro tests were performed in phosphate-buffered saline
(0.01 M, Solarbio, China). In vivo tests were conducted
during surgery and before sacrifice with a physiological
saline bath on the skull formed by medical skimmed
cotton. A three-electrode system was used for both
in vitro and in vivo testing (Fig. 1d): an sPt-Ir or hPt-Ir

electrode as the working electrode, a titanium sheet
(20 mm × 30 mm × 0.3 mm) as the counter electrode, and
an Ag/AgCl electrode filled with saturated KCl (Model
218, Leici, China) as the reference electrode. During the
in vivo test, a ball of medical skimmed cotton soaked
with physiological saline was first placed on the skull to
form a bath, and then the counter electrode and refer-
ence electrode were immersed into it. After testing, they
were removed.
First, the cyclic voltammetry (CV) scans started from

the open circuit potential in a voltage range from −0.7 V
to 0.7 V versus the reference electrode at a scan rate of
50 mV/s. The charge storage capacity (CSC) was obtained
by integrating the cathode current density over time. After
the CV scans, the electrochemical impedance spectrum
(EIS) was measured using the same instruments. A sinu-
soidal voltage excitation of 10 mV was used, and the test
frequency range was from 0.1 Hz to 100 kHz. The cutoff
frequency was marked in the EIS corresponding to the
frequency at the phase of −45°, which indicated the high
and low impedance amplitude boundaries19.

Histological characterization
After electrochemical testing at 1, 8, and 16 weeks, the

animals were euthanized with an overdose of sodium
pentobarbital and systemically perfused with phosphate
buffer and 4% formaldehyde solution. Then, the electro-
des were gently explanted, and the brain tissues were
carefully removed. The brain tissues and electrodes were
fixed separately in 4% formaldehyde for 24 h. The brain
tissue was embedded in paraffin wax. Perpendicular to the
electrode axis, consecutive sections were made at a
thickness of 5 μm. After dewaxing with xylene, some
sections were stained with hematoxylin–eosin (HE). The
other sections were incubated with antibodies: rabbit anti-
neuronal nuclei (NeuN, AB177487, Abcam, UK, 1:1000),
mouse anti-glial fibrillary acidic protein (GFAP, MAB360,
Millipore, USA, 1:800) and rabbit anti-ionized calcium
binding adaptor molecule 1 (Iba-1, AB178846, Abcam,
UK, 1:2000) at 4 °C overnight to label neurons, astrocytes,
and microglia, respectively. Then, appropriate dilutions of
horseradish peroxidase-conjugated secondary antibodies
were added, followed by 3,3′-diaminobenzidine (DAB,
PV-9001 and PV-9005, ZSGB-Bio, China).
Photographs were taken at ×20 magnification using an

automated digital slide scanner (Axio Scan.Z1, Zeiss,
Germany). The measurements were conducted on one
NeuN-stained slide for each animal. The normalized
neuron number was calculated as a function of distance
from the electrode-tissue interface using the image-
processing program ImageJ (National Institute of
Health)20–22. An outline of the electrode-tissue interface
was defined automatically. NeuN-positive cells were
counted at 100 μm increment bins away from the interface

Table 1 Groups of experimental animals.

Electrode type Animal number

1 week 8 weeks 16 weeks

sPt-Ir 6 6 6

hPt-Ir 6 6 6
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up to 1000 μm using a marker-controlled watershed
algorithm in ImageJ. The results were normalized to the
background cellular count (1000 μm away from the
interface). The average values and standard deviations
were calculated.

Scanning electron microscopy
The explanted electrodes were dehydrated using graded

ethanol and tert-butanol and then lyophilized at −20 °C.
The electrodes were observed using a scanning electron
microscope (SEM) operating at 20 kV (Quanta 200, FEI,
Netherlands). Each electrode was photographed at mag-
nifications of ×100, ×1k, and ×10k to examine the surface
structure and biological adhesion.

Statistical analysis
Data were processed by SPSS (Version 24, IBM, USA).

Differences were analyzed using one-way analysis of var-
iance (ANOVA) and t tests. P values < 0.05 were reported
as statistically significant.

Results
Behavioral and health assessments
All animals survived to the scheduled implantation

time. No behavioral abnormalities indicative of central
nervous system damage, such as tremor or slow or skewed
movement, were observed. The weekly body weight of the
rats gradually increased with time over the 3 implantation
durations. While the mean endpoint weight of the hPt-Ir
groups was larger at 8 weeks and smaller at 1 and
16 weeks of implantation than that of the sPt-Ir groups,
there was no significant difference between the two
electrode groups (p > 0.05), as shown in Fig. 2.

Electrochemical performance
The CSC results obtained by CV are shown in Fig. 3a, b.

Compared with the preimplantation levels in vitro, the
intraoperative CSCs (at 0 weeks) of sPt-Ir and hPt-Ir
decreased by 66.4% ± 15.5% and 60.2% ± 6.8%, respectively
(p > 0.05), which showed the effects of the in vitro and
in vivo environments. With a longer implantation time,
the CSCs of sPt-Ir electrodes exhibited no significant
change, but the CSCs of hPt-Ir electrodes further
decreased and then tended to be stable after 8 weeks of
implantation. At 16 weeks, while the CSC of the hPt-Ir
electrode (16.8 mC/cm2) decreased to 47.7% of the
intraoperative level, it was still 15 times that of the smooth
control electrode (1.1 mC/cm2).
The changes in EIS are shown in Fig. 3c. Compared with

that in the in vitro environment, an increase in impedance
amplitude and a decrease in cutoff frequency were
observed for both electrodes after implantation at
0 weeks. During the implantation time from 0 to
16 weeks, the EIS amplitude showed smaller changes than

during surgery. In addition, the cutoff frequency tended to
be stable for sPt-Ir but increased for hPt-Ir in vivo. After
16 weeks of implantation, the impedance amplitude and
cutoff frequency of the hPt-Ir electrode remained sig-
nificantly lower than those of sPt-Ir. The low impedance
amplitude and cutoff frequency could help to reduce sti-
mulation power consumption and record weak electro-
physiological signals.

Histological analysis
HE and immunohistochemistry staining are shown in

Fig. 4a). In HE staining, a distinctive increase in the
number of cells within a few hundred micrometers
around both the sPt-Ir and hPt-Ir electrodes could be
observed at 1 week, indicating an acute inflammatory
response. This was verified by the denser microglia (Iba-
1 staining) surrounding the electrodes. By 16 weeks, the
dense microglia were no longer evident in either group,
suggesting gradual healing of the implantation wound. In
contrast to the predominance of inflammation at 1 week,
the GFAP-stained glial scar became apparent at 8 weeks
postimplantation and became thinner at 16 weeks. Cor-
respondingly, the NeuN-stained neuron-depleted area
became narrow, and the neuronal density within 500 μm
of both electrodes consistently increased during implan-
tation (Fig. 4b). No significant difference was found
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between the two groups (p > 0.05). In all stained sections,
no shedding of particulate material was observed around
the electrodes.

Electrode surface analysis
SEM characterizations of the explanted electrodes are

shown in Fig. 5. While biological adhesion was not evident
on the sPt-Ir and hPt-Ir surfaces at ×100 magnification,
extracellular matrix (ECM) and cells could be found on
both electrodes at higher magnification (×1k and ×10k).
For a longer implantation time, there was no distinctive
change in biological adhesion on sPt-Ir, whereas more
tissue adhesion could be found on hPt-Ir electrodes,

especially at 8 and 16 weeks. This may be associated with
the decreased CSC of hPt-Ir electrodes after long-term
implantation (Fig. 3b).

Discussion
Electrochemical performance and biocompatibility are

critical for neural electrodes. To assess clinical feasibility,
hierarchical Pt-Ir electrodes structured by a femtosecond
laser were implanted in rat brains to study their in vivo acute
and chronic performance compared with existing smooth
Pt-Ir electrodes23. Although both electrodes experienced a
decrease in charge storage capacity after implantation, the
hierarchical Pt-Ir electrode showed superior long-term
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electrochemical performance and comparable biocompat-
ibility to the smooth electrode, demonstrating its potential
for application as a clinical neural electrode.

Influence of implantation on electrochemical performance
Compared with the in vitro results (Fig. 3b), the

intraoperative CSCs for both the sPt-Ir and hPt-Ir elec-
trodes decreased at a similar rate. This decrease is
reported to be associated with the reduced ionic con-
ductivity and oxygen concentration of the biological
environment24. Over the course of the experiment, the
CSCs of the sPt-Ir electrodes remained stable, but the
values of the hPt-Ir electrodes further decreased by ~50%
from 0 to 8 weeks (Fig. 3b), similar to that of the

electrodeposited Pt-Ir coating on cochlear electrodes25.
Given that the hierarchical structures showed no signs of
shedding, the deterioration should be related to the glial
scarring and biological adhesion on the electrode surface,
as seen in the histology and SEM characterizations (Figs. 4
and 5)26–28. In the surrounding blood and extracellular
matrix, serum albumin and procollagen are the most
common proteins, respectively, both with diameters of a
few nanometers16. These proteins might enter the
submicron-sized pores of the hPt-Ir electrode surface,
leading to an increase in the pore resistance and limiting
the inward diffusion of ions16,29,30. With complete
encapsulation, the electrochemical performance of hPt-Ir
tended to be stable after 8 weeks31.
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The differences in EIS among various implantation
times were smaller than those between in vitro and
intraoperative measurements (Fig. 3c). This was con-
sistent with previous studies16,32. Not only in vitro but
also in vivo, the hPt-Ir electrodes had a similar impedance
above the cutoff frequency compared to sPt-Ir electrodes.
The impedance in this range was nearly frequency-
independent and mainly determined by the geometric
surface area and the surrounding electrolytes19. On the
other hand, below the cutoff frequency, the hPt-Ir elec-
trodes had a lower impedance. The impedance in this
range was frequency-dependent and related to the real

surface area19. In addition, the postoperative fcut-off of the
hPt-Ir electrode was slightly higher than the intraopera-
tive fcut-off reflected by the rightward shift of the phase
curve. This result suggested an increased real part of the
impedance, which might result from increased biological
adhesion31. Nevertheless, after 16 weeks of implantation
in the brain, the hPt-Ir electrode still had greater strengths
in impedance amplitude and cutoff frequency.
Intriguingly, the hPt-Ir electrode had a rather stable EIS

over 16 weeks, but the CSC value decreased significantly
over the first 8 weeks. Similar results have also been found
in conductive hydrogel electrodes in rats22,33. It is assumed
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to be associated with varying diffusion processes under CV
and EIS tests. Given the complex effects of electrode
materials, surface structures, and implantation environ-
ments on electrochemical processes, it would be worth-
while to conduct more research in the future.

Biocompatibility of the structured electrodes
Biocompatibility is another key aspect of neural

implants, which is characterized by increased surrounding
neuron density and limited glial encapsulation and
inflammation34,35. Smooth Pt-Ir electrodes have been
widely used in long-term implants and have shown good
biocompatibility19. Nevertheless, according to ISO 10993-
22: 201736,37, medical devices containing nanostructured
surfaces should prevent nanoparticle release and should
be assessed for their potential effects on cells and tissues
due to direct interactions.
To investigate the effects during acute and long-term

implantation, we examined the progression from 1 to
16 weeks21,34,35. In histological analysis, there were similar
neuronal densities and thicknesses of neuron-depleted
areas around both electrodes, indicating no distinctly
negative impact of hPt-Ir (Fig. 4). Furthermore, previous
studies have shown that activated microglia and an
inflammatory response would be observed if implants
were causing the shedding and spreading of micro/
nanoparticles38,39. In this study, no particulate material
from micro/nanostructures or abnormal inflammation
was observed in the tissues, indicating that the hier-
archically structured Pt-Ir electrodes had good mechan-
ical stability and biocompatibility.
The neuron distribution around the electrodes is rela-

ted to the biocompatibility and functionality of the elec-
trodes. After 16 weeks of implantation, there were fewer
neurons within 200~500 µm of both electrodes than there
were farther away from the electrodes. A similar neuronal
distribution has been found in previous studies21,22.
Neuronal migration is an important issue for microelec-
trodes due to their limited accessible tissue volume.
However, this migration has less of an effect on the
macroelectrodes used in this study. These electrode sizes
can be used to stimulate neurons and axons40 and record
local field potentials41 within a few millimeters. Although
the electrodes reported here are functional, improve-
ments in biocompatibility are of great value and deserve
further investigation.
Using nanostructured surfaces to control protein and

cell adhesion on electrodes has also attracted increasing
attention15,42,43. Several in vitro studies have shown that
nanostructures may preferentially provide architectural
cues for neuronal adhesion compared to astrocytes44,45. In
addition, structured microelectrodes have been reported
to enhance glial resistance46 and reduce the expression of
some inflammation-related genes after implantation

within the brain47. These results illuminate the improved
integration between neurons and electrodes, which
enhances stimulation efficiency and recording qual-
ity34,43,44,48. In this study, hierarchical Pt-Ir electrodes
supported more cellular and ECM adhesion, suggesting
that they exhibited no apparent biotoxicity (Fig. 5).
However, histological results showed similar distributions
around hPt-Ir compared to sPt-Ir electrodes (Fig. 4), as
reported in some previous works20. This may result from
the differences in the implantation regions as well as
surface structures15. Investigating the mechanisms by
which micro/nanostructures affect molecular and cellular
activities would help to improve the design of Pt-Ir elec-
trode surface structures43. In addition, electrode structure
at larger levels may also impact cell morphology and
cytoskeletal structure49,50. A femtosecond laser has been
proven to be a feasible tool for preparing various micro-
and nanostructures14. Improving both the in vivo elec-
trochemical and biological properties of electrodes
through multiscale structures is an exciting research
direction and worth further exploration.
Compared to a rat brain, the electrode in this study is

somewhat large. Thus, it might displace brain tissue and
induce chronic mechanical stresses, which could affect
the function of the neural interface and the long-term
health of neural tissue. The maximum occupation volume
of electrodes that does not cause damage has not yet been
determined51. It is estimated that multiple implanted
microelectrodes occupying 1–2% of the enclosed volume
of the brain will not cause significant damage to brain
tissue viability52. No direct discussion about the occupa-
tion effects of the macroelectrode was found. In this
study, the occupied volume of the electrode was ~0.6% of
the entire rat brain (always less than 1%). None of the
experimental rats showed any functional impairment due
to brain herniation or brain tissue damage. No increase in
chronic inflammatory responses or astrocyte activation
was observed. In previous studies that adopted electrodes
of the same size, magnetic resonance imaging confirmed
that there was no significant midline displacement of the
brain21,53. The cerebrospinal fluid circulation was unob-
structed, and there was no change in the size of the
ventricles after electrode insertion. This finding suggests
that there was no overall effect on brain function in the
rats after electrode implantation. In vivo studies for
electrodes of similar sizes were also reported using rat
models21,22,54,55. Nevertheless, the brain size and anatomy
of rats differ significantly from those of humans. How the
electrodes behave in large animal models is worth future
exploration.

Implications for clinical applications
The postoperative electrode-tissue interface plays an

important role in clinical DBS treatment56. Decreasing the
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impedance amplitude and cutoff frequency by more than
an order of magnitude would facilitate improved stimu-
lation efficiency and recording quality19. Notably, in
clinical practice, an hPt-Ir electrode with a lower impe-
dance amplitude may change the effective stimulation
parameters under voltage-controlled DBS. Therefore, in
this case, current-controlled DBS would be particularly
helpful to stabilize the therapeutic efficacy57.
Furthermore, clinical DBS studies have reported a

decrease in impedance after cyclic electrical stimulation
compared to the passive implantation used in this
work58,59. Based on in vitro and in vivo experiments, this
effect was reported to probably arise from the desorption
of attached proteins and cells, resulting in the cleaning of
the electrode56. Considering the negative effect of biolo-
gical adhesion on the electrochemical performance of
hPt-Ir electrodes in this study, cyclic stimulation may
provide a way to reactivate the implanted electrodes,
which deserves further investigation.

Conclusions
Through long-term implantation in rat brains, the

electrochemical performance of hierarchically structured
Pt-Ir electrodes showed a delayed leveling off progress
versus smooth Pt-Ir electrodes, which was associated with
biological encapsulation. Nevertheless, when it became
steady after 16 weeks of implantation, the hPt-Ir electrode
showed an order of magnitude improvement in charge
storage capacity with a highly reduced impedance
amplitude. Histological analysis revealed similar acute and
long-term foreign body responses around hierarchical and
smooth Pt-Ir electrodes. Due to the superior electro-
chemical performance and good biocompatibility, the
hierarchical Pt-Ir electrodes show great potential for use
in future neuromodulation and BCI devices.
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