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High-Density Flexible Neural Implants with Submicron
Feedline Resolution

Lina Koschinski, Thomas Grap, Erkan Yilmaz, Marius Kleutgens, Simon Decke,
Martin Kasavetov, Marie Jung, Alejandro Carnicer-Lombarte, George Malliaras,
Andreas Offenhäusser, and Viviana Rincón Montes*

The development of high-density microelectrode arrays (MEAs) for large-scale
brain recordings requires neural probes with reduced footprints to minimize
tissue damage. One way to achieve this is by implementing dense electrode
arrays with narrower feedline dimensions, though this increases susceptibility
to capacitive coupling between electrical interconnects. To address this, this
study explores the resolution limits for high-density flexible MEAs by
optimizing the fabrication using optical contact lithography (OCL) and
electron beam lithography (EBL). OCL enables metal feedlines with widths of
520 nm and interconnect spaces of 280 nm, while EBL allows the realization
of 50 nm feedlines with 150 nm spaces on flexible parylene C substrates.
Based on these techniques, we fabricate a flexible 64-channel intracortical
implant with a miniaturized cross-section of only 50 × 6 or 70 × 6 µm2. In
vivo validation in awake rats demonstrates that the fabricated, high-density
flexible intracortical implants with submicron feedline resolution offer
low-impedance electrodes and reduced crosstalk, enabling reliable neuronal
recordings. These findings demonstrate the feasibility of miniaturizing flexible
MEAs using a single-metal layer process, thereby reducing manufacturing
complexity in high-density thin-film polymer-based neural interfaces.

1. Introduction

Neural implants have emerged as powerful tools in neuro-
science and neurology, enabling neural decoding and modula-
tion. Widely used in basic research and pre-clinical and clinical
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settings, they allow for the understand-
ing of neural function in both healthy and
diseased conditions, as well as for the in-
vestigation and implementation of new
therapies for the restoration of lost senso-
rimotor functions.[1,2] Often incorporat-
ingmicroelectrode arrays (MEAs), neural
implants interface neural structures elec-
trically. These devices allow neural activ-
ity to be recorded by measuring electri-
cal potentials, including local field poten-
tials (LFPs) – low-frequency signals that
reflect the summed activity of neuronal
populations – and action potentials (APs)
– high-frequency signals that reflect the
activity of individual neurons. Addition-
ally, they allow neural activity to be mod-
ulated by the delivery of electrical pulses.
Despite the advancement provided by

neural implants, foreign body reactions
(FBRs) and inflammation responses are
triggered due to neuronal loss upon im-
plantation and the mechanical mismatch
between the materials of the implant

and the tissue, causing implant failure due to glial scarring
tissue.[3–5] Accordingly, biomimetic approaches such as de-
signs with neuron-like dimensions and miniaturized cross-
sections,[6–8] and flexible, soft interfaces,[9–11] have been proposed
to reduce implantation footprints and FBRs. However, device
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miniaturization has limited the spatial resolution of implants,
particularly those comprising penetrating structures for intracor-
tical use, by restricting the number of electrical contacts or elec-
trodes that can fit per implant shank (also known as shafts or
threads).[5]

The pursuit of large-scale intracortical recordings requires
high-density electrode arrays capable of capturingAPs from every
neuron involved in a given neural circuit. This requirement trans-
lates into the need for multiple electrodes per shank and multi-
ple shanks to effectively map brain activity. However, increasing
the electrode count inherently involves incorporating active elec-
tronics, such as a selectable switchingmatrix,[12] or, for passive el-
ements, dedicating one feedline per electrode. Both approaches
contribute to an increase in the cross-sectional area of the im-
plant, which can cause more tissue damage. Silicon technology
has made it possible to fabricate high-density neural probes, with
penetrating shanks with up to 1280 electrodes through active
electronic integration.[12] However, their cross-sectional footprint
(24 μm × 70 μm) is still well above that of polymer-based pen-
etrating shanks with the highest density and smallest footprint
(32 electrodes, 4–6 μm × 50 μm).[13] Various approaches have
been taken to reduce the size of the implant and thus mini-
mize tissue damage (Table ST1, Supporting Information). One
is to use micrometer-scale feedlines with multiple metal lay-
ers, allowing an increase in the electrode count while maintain-
ing narrow shank widths.[4,13,14] Alternatively, feedlines can be
miniaturized in the sub-micron range, an approach that requires
the exploration and implementation of lithographic techniques
that go beyond standard optical contact lithography (OCL), such
as maskless, electron-beam lithography (EBL), and deep UV
lithography.[6,13,15]

While both approaches have proven useful in increasing the
electrode density of flexible neural implants, the incorporation of
multiple metal layers introduces greater microfabrication com-
plexity compared to single-layer processes. Additionally, the su-
perposition of feedlines can contribute to varying degrees of
crosstalk, depending on factors such as the choice of insulation
material and its thickness. On the other hand, reducing the di-
mensions of the feedlines increases the lead resistance of the
electrical contacts and the risk of crosstalk. Furthermore, while
EBL offers unmatched resolution, its processing time is slower
and more expensive than UV and deep UV techniques, the latter
being an industry standard. Therefore, a trade-off between lead
resistance, the dimensional footprint of the implant, microfabri-
cation resolution, and process time is critical formicrofabrication
feasibility, scalability, and affordability (Table ST2, Supporting
Information).
In this work, we developed a high-density intracortical neu-

ral implant featuring sub-micron feedlines andminimized cross-
sectional dimensions. To achieve this, we investigated the res-
olution limits of both OCL and EBL and established a process
flow for the microfabrication of high-density flexible penetrat-
ing neural probes using parylene-C (PaC). Following crosstalk
simulations and optimization of the microfabrication process,
we successfully fabricated a single-metal-layer high-density im-
plant with one intracortical shank housing 64 electrodes and
a compact footprint of 6 μm × 50–70 μm. Finally, the func-
tionality of the implant was validated in awake, freely moving
rodents.

2. Experimental Section

2.1. Fabrication of Flexible Neural Probes

Single-metal layer high-density flexible implants with sub-
micron feedline resolutionwere fabricated as follows (Figure 1A).
Microfabrication was performed on a 4-inch silicon host wafer
(Figure 1Ai) coated with a 3 μm thick PaC layer (PDS 2010 LAB-
COTER 2, Specialty Coating Systems Inc.; with a coating base
pressure of 15 mTorr, an operating/deposition pressure of 25
mTorr, and a vaporizer temperature of 160 °C) (Figure 1Aii).
Metal feedlines, electrodes, and contact pads were then patterned
using OCL or EBL (Figure 1Aiii), followed by metallization and
a lift-off process (Figure 1Aiv). A second 3 μm PaC layer was
deposited as encapsulation or passivation (Figure 1Av). Finally,
the shape, electrode- and contact-pads-openings were patterned
using a positive photoresist etch mask by maskless lithography
(MLA 150, Heidelberg Instruments, Germany) (Figure 1Avi) and
a dry etching step using reactive ion etching (Figure 1Avii) (Plas-
malab 100 ICP180, Oxford Instruments, Abingdon), as described
previously.[8] The microfabrication processes were carried out in
the laboratories of the Institute of Biological Information Pro-
cessing -3 (Bioelectronics) and theHelmholtz Nano Facility at the
Forschungszentrum Jülich.[16]

2.1.1. Optical Contact Lithography-Based High-Density and
Sub-Micron Structures

The resolution limits of OCL were explored using the mask
aligner MA8BA8-Gen3 (SÜSS MicroTec, Germany) to achieve
sub-micron feature resolution. After the deposition of the first
PaC layer, the feedlines were patterned using a lift-off process.
Prior to spin-coating the masking photoresist, the wafer was de-
hydrated at 150 °C for 5 min on a hot plate (Gestigkeit Typ ET,
Harry Gestigkeit GmbH, Germany). Subsequently, AZ LNR003
(MicroChemcicals GmbH, Germany) was diluted with AZ EBR
(MicroChemicals GmbH, Germany) in a volume ratio of 2:1,
respectively, and spin-coated for 45 s at 4000 rpm. After spin-
coating (LabSpin 8, SÜSS MicroTec, Germany), the coated wafer
was soft-baked on a direct contact hot plate at 120 °C for 2 min.
UV exposure was then performed under vacuum contact with
a dose of 65 mJ cm−2. The wafer was then processed at 100 °C
for 90 s for post-exposure bake. The structures were developed
in AZ MIF326 (MicroChemicals GmbH, Germany) for 30 s and
stopped in a water cascade bath. After spin-drying, the metalliza-
tion of 20 nm titanium and 100 nm gold was performed in an
electron-beam assisted evaporator (Pfeiffer PLS 570, Germany).
The metal on the resist was then lifted in an 80 °C NI555 (Micro-
Chemicals GmbH, Germany) bath for 3 hours. The wafer was
then rinsed in acetone and isopropanol for 2 min each.

2.1.2. Electron-Beam Lithography (EBL)-Based High-Density Neural
Implants

As with the OCL-based process, the fabrication of the EBL-based
process started with a Si host wafer coated with a 3 μmPaC layer.
After a dehydration step, the resist was spin-coated. A two-layer
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Figure 1. Lithographic resolution and microfabrication of high-density intracortical probes with submicron feedline resolution. A) Schematic of micro-
fabrication process-flow of high-density intracortical probes: host silicon substrate (Ai), PaC-coating (Aii), feedline lithography (Aiii), metallization and
lift off (Aiv), PaC passivation (Av), lithography for the shape and electrode openings (Avi) and finalized sample after RIE but still on the host wafer (Avii).
The EBL resist layer stack of PMMA (617.03 and 679.03) is schematically presented in Aviii). B) Focused-ion beam (FIB) cuts (upper row, Bi, Biii, Bv, scale
bar 200 nm) and scanning electron microscopy (SEM) images (lower row, Bii, Biv, Bvi, scale bar 1 μm) with feedline variations of 50/150 nm lines and
spaces (EBL 50150LS, left) and 300 nm lines and spaces (EBL 300LS middle) using EBL, and 400 nm lines and spaces (OCL 400LS, right) using OCL.
C) Dimensional measurements of lines (Ci) and spaces (Cii), along with their calculated critical dimension bias in % (Ciii) from FIB-cuts (measured
feedlines and spaces: n = 15). Aim of dimension of lines or space is marked with green line. D) Microscope picture of finalized neural implants 50150LS
(Di, scale bar 50 μm) and 300LS (Dii, scale bar 70 μm). SEM image of finalized 50150LS neural implant in an angled view with zoom to the electrode
openings (Diii, scale bar 10 μm). SEM image of the 300LS feedlines and electrodes from top view (at the process step after lift-off (Aiv)) (Dvi, scale bar
10 μm).

photoresist stack of a copolymer and PMMA (both from Allresist
GmbH, Germany,)[17,18] was used for the lift-off process.[19] The
copolymer AR-P 617.03 was first spin-coated for 45 s at 3000 rpm
to create a suitable undercut. The resist was baked at 150 °C for
5 min before spin-coating with PMMA AR-P 679.03 for 45 s at
2000 rpm. This was followed by a bake at 150 °C for 5 min. EBL
was then performed using an EBPG 5200 (Raith GmbH, Ger-
many). To optimize the process, exposure doses ranging from
2 × 500 to 2 × 930 μC cm−2 were tested to achieve varying struc-
ture sizes within a neural implant.
In this work, two different sizes of feedlines are focused to

characterize the scaling of implant dimensions. The first layout
consisted of feedlines with 300 nm lines and spacing (300 LS –
lines and spaces), while the second layout contained feedlines
with a width of 50 nm and a spacing of 150 nm (50/150 LS).
To increase the contrast of the resist, the developer AR 600–55
(Allresist GmbH) was cooled down to 0 °C with an MX7LR-20
bath (VWR North, Germany), and the wafer was developed for
30 s.[20,21] To stop the development, the wafer was transferred di-
rectly into a hexane bath at room temperature for 10 s and air-

driedwith nitrogen. Subsequently, 20 nmof titaniumand 100 nm
of gold were deposited in an e-beam-assisted evaporator (Univex
400, Leybold, Germany). The lift-off of the metal stack was per-
formed in an acetone bath for 3 h, cleaned in a second bath for
2 min, and rinsed in isopropanol for an additional 2 min. The
structures were encapsulated with a second 3 μm PaC layer.
In both cases, the wafer was again patterned with AZ 4562

resist (MicroChemicals, Germany) to create the shape and elec-
trode as well as the contact pad openings. This was followed by
a reactive ion etching step using a gas mixture of oxygen (O2,
36 sccm) and tetrafluoromethane (CF4, 4 sccm), and a RF/ICP
power of 50/500 W with a strike pressure of 0.03 mbar. The
photoresist was stripped with AZ 100 remover in a two-bath
system using low-powered ultrasound and finally rinsed in iso-
propanol in a three-bath system. This etching step enabled the
removal of PaC at the electrode and contact pad openings while
simultaneously defining the implant outline, reducing process-
ing time, andminimizing potentialmisalignments. Although the
gold layer was partially etched during this process, ≈40–50 nm
remained, which was subsequently coated with PEDOT:PSS
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in a post-processing step to reduce the impedance of the
electrodes.

2.1.3. Packaging

To release the samples from the host wafer, the finished implants
were carefully peeled off with a drop of deionized water, and then
manually flip-chip bonded onto a customized 64-channel printed
circuit board (PCB). The 64-channel PCB held two 36-channel
Omnetics connectors (A79026-001, Omnetics Corp, USA) pre-
soldered to the PCB. For flip-chip bonding the PCB was heated
to 180 °C on a hot plate to allow the solder paste (SMDLTB35T4,
Chip Quik, Sn60/Bi40) to be applied. After the alloy had formed
liquid bumps on the contact pads, the peeled-off implants were
flipped, manually aligned with the PCB, and cooled down to
room temperature. Medical grade UV-curable glue (Vitralit 7311
FO, Panacol-Elosol GmbH, Germany) was applied to seal the
connector-implant interface.

2.1.4. Electrodeposition of PEDOT:PSS

PEDOT:PSS was electrodeposited as a coating on the gold
electrodes. For this purpose, an EDOT:PSS solution was pre-
pared containing 0.1% (w/v) of 3,4-ethylenedioxythiophene
(EDOT) (Sigma Aldrich, Germany) and 0.7% poly(sodium 4-
styrenesulfonate) (PSS) (Sigma Aldrich, Germany) in deionized
water. To remove fabrication-related contaminants and residues,
the gold electrodes were electrochemically cleaned. The elec-
trodes were then short-circuited, immersed in 0.1 m PBS, and
subjected to ten cyclic voltammetry (CV) cycles (−0.6 to 0.9 V,
100 mV s−1) with a VSP-300 potentiostat (Bio-Logic Science
Instruments, France).[22] To clean the electrodes from organic
contaminants,[23] the implants were then exposed to an O2
plasma treatment with a pressure of 0.8 mbar, a power of 80 W,
and a duration of 3 min (Pico Low Pressure Plasma System,
Electronic Diener GmbH & Co. KG, Germany). Subsequently,
electropolymerization of PEDOT:PSS (Poly-(2,3-dihydrothieno-
1,4-dioxin)-poly-(styrolsulfonat)) via chronoamperometry using a
constant potential of 1 V for 20 s was carried out on the gold
electrodes. For all electrochemical processes, a three-electrode
setup was used with a platinum wire and a silver-silver chloride
electrode (kept in 3 m KCL, DRIREF-2, World Precision Instru-
ments, USA) as counter and reference, respectively. After each
electrochemical step, the probes were rinsed with deionized wa-
ter. This process is based on previous reports, which resulted in
a PEDOT:PSS coating ≈560 nm thick.[22]

2.1.5. Insertion Shuttle

Following the packaging process, the implants were cleaned in
deionized water and sterilized in 70% ethanol. Subsequently, a
50 μm-in-diameter tungsten rod was temporarily affixed to the
flexible shank of each probe using a mixture of polyethylene gly-
col (PEG 8000, Sigma Aldrich, Germany) in deionized water in a
ratio of 15% w/w prepared at room temperature. After applying
the PEG mixture, the implants were air-dried at room tempera-
ture overnight.

2.2. Electrical Characterization

2.2.1. Crosstalk Simulation

Crosstalk was defined according to Equation (1), as the ratio of
the root mean square (RMS) values[24] of the voltages at the ag-
gressor and the victim feedline, whereUvictim denotes the RMS volt-
agemeasured at the affected, inactive feedline (victim, Figure 2B,
green) and Uaggressor represents the RMS voltage measured at the
adjacent, active and thus in this case emitting feedline (aggressor,
Figure 2B, orange).

Crosstalk =
Uvictim

Uaggresor
(1)

To design a simulation of crosstalk in the feedline structure,
the boundary parameters need to be set. Therefore, an equiva-
lent circuit is modeled and presented in Figure 2B. Here, a two-
electrode configuration in phosphate buffered solution (0.1 m
PBS, with a conductivity of 𝜎Ey = 1.5 S m−1)[25] and relative per-
mittivity of ɛEy = 80)[26] is connected to ameasurement system (in
air). The input impedance of the measurement system onto each
feedline is electrically represented as a resistance RM = 470 MΩ

with a parallel capacitance CM = 10 pF connected to ground, in
accordance with the datasheet specifications of a MCS-ME2100-
HS32Ch-headstage (Multichannels Systems, Germany).[27] Stray
capacitances from the Omnetics connector are not considered in
this model. For the model of the implant, a 6 μm PaC encap-
sulation was applied around the feedlines, with a relative per-
mittivity of ɛPaC = 3.1[28] and electrical conductivity of 𝜎PaC =
1.136E-15 S/m.[29] The thickness of the gold feedlines was set
in the simulation to 100 nm with a relative permittivity of ɛAu =
6.9[30] and electrical conductivity of 𝜎Au = 41.1E6 S m−1.[31,32] At
the electrode-electrolyte interface, the electric double layer (EDL)
was modeled using a simplified Randles circuit (Figure S1, Sup-
porting Information), consisting of the electrolyte resistance (REy,
Figure 2A) in series to an R//C circuit, where the double-layer
capacitance (CEDL, Figure 2A) is parallel to the charge transfer
resistance (REDL, Figure 2A). The values of the Randles circuit
model were obtained by performing an impedance fit on exem-
plary impedance spectra of the high-density neural probes with
PEDOT:PSS coated electrodes microfabricated in this work us-
ing the EC-lab software (BioLogic Science Instruments, France).
Here, a constant phase element (CPE) was incorporated into the
model:[33]

C = RCPE

(1 − 𝛼

𝛼

)
Q 1
𝛼

(2)

where C is the equivalent capacitance of the constant phase ele-
ment in parallel with a RCPE, Q the constant of the CPE, and 𝛼 the
frequency-dependent constant. The fitted Randles circuit model
resulted in R = 11.9 kΩ with a deviation of 0.26,Q = 31.9E-9 Fsa-1

with a deviation of 96.68E-15, 𝛼 = 0.9 with a deviation of 0.5, and
RCPE = 13.69 MΩ with a deviation of 24.18. This is then yielding
in an equivalent CEDL of 29.2 nF and REDL of 13.7 MΩ (Figure
S1 and Table ST4, Supporting Information). The CPE was used
to accurately model the non-ideal capacitive behavior of the elec-
trodes, as indicated by 𝛼 = 0.9, with its equivalent capacitance
representing a pseudocapacitive electrode behavior.
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Figure 2. Electrical and electrochemical performance. A) Bode plot of the mean (blue) and standard error of the mean (grey shade) of the impedance
of three neural implants before their in vivo validation (134 working electrodes). B) Equivalent circuit for crosstalk analysis including the measurement
system and an intracortical neural implant, containing the latter an aggressor (orange) and a victim (green) feedline. In the circuit, electrical double layer
(EDL) elements such as electrolyte resistance, charge transfer resistance, and electrical double layer capacitance are denoted as REy, REDL, and CEDL,
respectively. The measurement setup is represented by RM and CM, the feedline crosstalk with CCR, CEyF, and the lead resistance as RF. See details in the
main text. C) COMSOL simulation of the distribution of the electric field potential (in volts (V)) for feedlines with 400 nm lines and spaces. D) CCr (blue)
and RF (orange) for feedline dimensions achieved via EBL and OCT, 50 nm lines and 150 nm spaces (EBL50150), 30 nm lines and spaces (EBL300300), and
400 nm lines and spaces (OCL400400). Calculated crosstalk in percentages Ei) over fabricated feedlines in this work at 1 kHz and Eii) across frequencies.

The Crosstalk simulations were conducted in two steps.
First, finite element method (FEM) analysis was used to de-
rive the unknown values of the equivalent circuit of crosstalk
between feedlines from the physical 3D-model of the feedline
structure (Figure 2B) using COMSOL Multiphysics (COMSOL,
Germany). Then, the electrical circuit simulation software Ev-
eryCircuit (MuseMaze Inc, USA California) was used to cal-
culate Uvictim and Uaggressor across frequencies using the quan-
tified equivalent circuit of crosstalk between feedlines within
the overall equivalent circuit model of the whole measure-
ment setup. The subsequent crosstalk was calculated and visu-
alized using MATLAB (Mathworks Inc., United States) using
Equation (1).
For each parameter set of lines and spaces, the components

of the equivalent electrical circuit of the feedline structure have
been computed in COMSOL using the physical 3Dmodel, which
is analyzed as a black box (Figure 2A, grey dashed box and Figure
S2, Supporting Information) viameasurements at its outer termi-
nals, i.e., the ends of the feedlines and an ideal counter electrode
to the surrounding electrolyte in the physical 3D-model. The se-
rial lead resistance of the gold feedlines was modeled by resistors
RF. The model of the crosstalk behavior between the feedlines
was simplified to the direct capacitive coupling between the feed-
lines (CCr) and the indirect capacitive coupling from the feedlines

through their side passivation and the surrounding electrolyte
(CEyF). To obtain these resistive and capacitive components of the
model, a sinusoidal input voltage u(t) of frequency f was gener-
ated and fed into the outer terminals of the black box in multiple
quadripole configurations (Figure S2, Supporting Information).
The phase shift (𝜑) between voltage and measured current was
then calculated according to Equation (3), where T is the time
period of u(t) and ∆t is the time shift between i(t) and u(t).

𝜑 = 2𝜋
Δt (i, u)

T
(3)

The capacitive values (Ccr and CEyF) were then calculated ac-
cording to Equation (4), where f denotes frequency and |Z| the
magnitude of the impedance:

C = sin (𝜑)
2𝜋f |Z| (4)

After calculating all values (Tables ST3 and ST4, Supporting
Information) for the elements of equivalent circuit of crosstalk,
the response of the circuit was simulated in EveryCircuit across
frequencies (10 mHz to 100 kHz). Crosstalk was then calculated
using Equation (1).
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2.2.2. Electrochemical Characterization

An electrochemical impedance spectroscopy (EIS) was per-
formed with A VSP-300 potentiostat (BioLogic Science Instru-
ments, France) to verify the findings of the simulation. There-
fore, passivated implants (300LS) on a silicon host wafer were
used, where only the contact pads were opened. To contact them
electrically two micromanipulators (SÜSS MicroTec) and probes
(ST-20-0.5, picoprobe by GGB Industries Inc) were used. In this
setup, a contact pad is functioning as a counter and the other
as the reference electrode while the feedlines of those are next
to each other at the shank. To capture the capacitive behavior
the measurement was first performed in air and second with
immersing the shank of the implant with 0.1 m PBS using a
10 mV sinusoidal signal with a frequency sweep from 1 Hz
to 10 kHz.
The flipped chip bonded implants were characterized by elec-

trochemical impedance spectroscopy (EIS) in a three-electrode
setup with the same counter and reference electrodes as previ-
ously described and using the electrodes of the implant as work-
ing electrodes. A VSP-300 potentiostat (BioLogic Science Instru-
ments, France) was used for EIS measurements in 0.1 m PBS us-
ing a 10 mV sinusoidal signal with a frequency sweep from 1 Hz
to 1 MHz. Impedances in vivo were measured using Intan RHS
32-channel stim/record headstages (Intan Technologies, USA) at
1kHz.
Thermal noise in microelectrodes results from the random

movement of charge carriers within the electrode material, the
surrounding electrolyte, or the electrode-electrolyte interface.[34]

By calculating the resistance of the fabricated feedline structures
an estimation of their performance can be made. The theoretical
resistance (R) is calculated with:

R = 𝜌
l

tAuw
(5)

where 𝜌Au = 2.4331e-08 is the specific resistance of gold,[31,32]

l = 1863 μm the length of the longest small feedline, a layer-
thickness of tAu = 100 nm, and a varying width of w50 = 50 nm,
w300 = 300 nm, w400 = 400 nm, w2 = 2 μm, w10 = 10μm. The
resulting resistances (R) will be used to determine the thermal
noise vt as follows:

vt =
[
4kBTRΔf

] 1
2 (6)

With kB the Boltzmann constant and T = 300 K the absolute
temperature and with Δf = f2 − f1 in the frequency range from
f1 = 300 Hz to f2 = 3 kHz.

2.3. In Vivo Validation

High-density flexible neural implants with submicron feedline
resolution were validated in vivo at the University of Cambridge.
All animal procedures complied with the UK Animals (Scien-
tific Procedures) Act of 1986. The study received approval from
the Animal Welfare and Ethical Review Body at the Univer-
sity of Cambridge and was authorized by the UK Home Of-
fice under project license number PFF2068BC and is reported

according to the ARRIVE guidelines. Three female Lewis rats
were obtained from Charles River Laboratories with a weight of
≈190 g and subsequently maintained for at least seven days of
acclimatization at the local animal facility at the University of
Cambridge.

2.3.1. Surgical Procedure

Prior to surgery, animals were anesthetized with 5% isoflurane,
weighed, and kept under anesthesia at 2.5% isoflurane. Analgesia
was given by subcutaneous injection ofMetacam (5–10mg kg−1).
Fluid replacement was also provided by subcutaneous injection
of 2.5 mL 0.9% saline solution. The animals were shaved at
the head-neck area and subsequently placed in the surgical area
under isoflurane anesthesia at 2.25%. Body temperature was
monitored and maintained at 37 °C using a rectal probe and
a thermal pad, respectively. Isoflurane was used in a mixture
with medical oxygen both pre-operatively and during the surgical
intervention.
First, a reference screw (reference electrode) was placed into

a trephination hole measuring ≈0.8 mm in diameter above the
cerebellum. Subsequently, a craniotomy measuring ≈3.5 mm
in diameter was performed at the right hemisphere above the
barrel cortex (ML: 5 mm, AP: -2.5 mm from bregma), utiliz-
ing a dental drill. The dura was then meticulously removed us-
ing a hooked cannula, thereby enabling access to the cortex.
Once in place at the desired coordinates, intracortical implan-
tation was carried out and polyethylene glycol (PEG) was dis-
solved using 0.9% saline solution for a minimum of 15 min-
utes. Following PEG dissolution, the tungsten rod used as a
temporary insertion shuttle was manually removed using sur-
gical forceps, leaving the flexible shank inside the cortex. The
shuttle tip was implanted to a depth of 2 mm, allowing the
1.8 mm implant to be fully inserted. The 0.2 mm difference
accounts for the shuttle device extending ≈200 μm beyond the
implant tip. The implant was externalized from the skull with
its corresponding PCB, which was then fixed to the skull us-
ing dental cement (Super-Bond Universal Kit, SUN MEDICA
Co., LTD, Japan). Implant functionality was first checked with in-
traoperative electrophysiological recordings under 0.75% isoflu-
rane, followed by the recovery of the animals that lasted for one
hour.

2.3.2. In Vivo Electrophysiology

Electrophysiological recordings were conducted using an
RHS Stim/Recording System, which was connected to two
RHS 32-channel head stages (Intan Technologies, USA).
The sampling rate was set at 30 kHz. During the intra-
operative recordings, whisker stimulation was carried out
by manually brushing the whiskers at 30-second inter-
vals, alternating between the contralateral and ipsilateral
sides. Awake recordings were performed on day zero post-
implantation, at least one hour after the animals had fully
recovered and returned to their home cage. Whisker stim-
ulation on awake rats was conducted by brushing the ani-
mal whiskers manually (alternating 30 seconds of whisker
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Figure 3. In vivo validation of high-density neural implants with submicron feedline resolution. A) High-density single-shank intracortical implant featur-
ing a custom-designed printed circuit board with two 32-channel Omnetics connectors and a temporary stiff insertion shuttle (black arrow). B) Close-up
of the flexible intracortical shank temporarily bonded to the stiff insertion shuttle using polyethylene glycol and zoomed-in schematic of how the rod
was fixed to the sample at the tip of the implant. C) Awake rat implanted with the high-density intracortical neural implant. D) Electrode impedance
comparison measured at 1 kHz in 1× PBS and in vivo. E) Representative LFP, which were low pass filtered (<100 Hz) and Fi) band pass filtered (100 Hz–
3 kHz) recording traces showing the captured spiking activity for all 64 channels recorded in an awake rat. Yellow shading indicates 30-second whisker
stimulation periods. Insets: neural activity during resting state (Fii) and whisker stimulation (Fiii), along with representative neuronal spike waveforms
(Fiv) (the averaged waveform is shown in black and individual spikes in grey).

brushing with 30 seconds of no brushing) for approximately five
minutes.

2.3.3. Signal Processing

The data were processed using self-written Matlab (Release
R2024, Mathworks Inc., United States) scripts. The raw traces
were filtered using a zero-phase 6th-order Butterworth filter. For
LFPs, the data were low-pass filtered at 100 Hz, while for spiking
activity, the data were band-pass filtered with cut-off frequencies
of 100 Hz and 3 kHz. Spike sorting was performed using the
UltraMegaSort2000 algorithm.[35] Traces were mapped in order

from the most superficial to the deepest electrode within the de-
vice and plotted in this order.

2.4. Statistical Analysis

Data was analyzed using self-written Matlab (Release R2024,
Mathworks Inc., United States) scripts. To show the measured
values in Figures 1C and 3D, the violin plot function by Bastian
Bechtold[36] was implemented in the self-written code.
Fifteen measurements were used to create the feedline and

space width results (Figure 1Ci-iii). Each point in the graph is
one measurement point and the shadow around it is the Kernel
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Density Estimation. The critical dimension bias was calculated
to distinguish if a feedline width result is harmonizing with the
expected width. Therefore, the Equation (5) was used. Here the
expected width is divided by the outcomes of 15 measurements
of feedlines. To get the deviation, the value was then subtracted
from 1 and for percentages multiplied by 100.

bias =

(
1 −

(
widthexpected
widthreal

))
∗100 (7)

The crosstalk-EIS results were plotted with a self-written script
in Matlab (Release R2024, Mathworks Inc., United States), and
the data from five different measurements in air and 20 mea-
surements in PBS. The data shows a 50 Hz noise (Figure S6,
Supporting Information).
To display the EIS results (Figure 2Ai-ii), the data of the three

implants for in vivo use were taken. Here the average and stan-
dard deviation of all working channels is presented. Therefore, a
self-written code inMatlab and Python was used. In these scripts,
the working electrodes and non-working ones were sorted by cal-
culating the theoretical impedance using the rationale of the ex-
tended Stern model. Afterward, the average, standard deviation,
and standard error of the mean of all 134 working channels were
determined (Figure S6, Supporting Information). The average is
presented as a blue solid line and the standard deviation is a grey
shadow around it. For the comparison of the impedance in PBS
and in vivo, the impedance data at 1 kHz was extracted and fur-
ther displayed in a violin plot (Figure 3D).

3. Results and Discussion

3.1. Lithographic Resolution and Microfabrication of
High-Density Neural Implants

With the aim of developing high-density intracortical implants
with a minimal cross-sectional footprint, we explored the reso-
lution limits of OCL and EBL to pattern submicron resolution
feedlines on thin flexible, and biocompatible polymer substrates,
such as parylene-C (PaC). The fabrication process of high-density
intracortical probes, which entailed the encapsulation of a single-
metal layer with PaC, is outlined in Figure 1A. In this particular
instance, the structuring of metal patterns necessitates the pat-
terning of a negative tone photoresist (Figure 1Aiii) that serves
as deposition mask for subsequent metal deposition and lift-off
(Figure 1Aiv).

3.1.1. Optical Contact Lithography

Optical Contact Lithography (OCL) is a standard technique inmi-
crofabrication and semiconductor processing, particularly in en-
vironments where cost-effective, high-throughput patterning is
required. However, OCL with a mask aligner fabrication is often
challenging due to the physical limitations in resolution in OCL
(Table ST2, Supporting Information). Thus, the minimum fea-
ture size achievable at our facility, given a broadband wavelength
range of 345 to 460 nm (see Experimental Section) is≈500 nm.[37]

However, by optimizing the process parameters, we successfully

fabricated lines and spaces patterns of 330 and 440 nm in the
photoresist, respectively (Figure S3A, Supporting Information).
Nonetheless, metal lift-off within those or lower photoresist di-
mensions proved to be challenging (Figure S3B, Supporting In-
formation).
In the context of process parameter optimization, the selec-

tion of photoresist and its height are of paramount importance,
as both factors exert a substantial influence on the thickness of
the deposited metal layer that is deemed feasible. In conjunction
with other process parameters, such as the post-exposure bake of
negative tone photoresist, the photoresist undercut can be tuned.
This, in turn, plays a crucial role in achieving a successful lift-
off process without photoresist residues or unwanted residual
metal structures (known as fencing).[38] In this regard, diluted
AZ LNR-003 (EBR:LNR003) demonstrated the most optimal un-
dercut with less C-shape distortion in its cross-section, in contrast
to other negative or image reversal photoresists, which exhibited
distorted C-shaped undercuts that are susceptible to metal lift-off
failure (Figures S3 and S4, Supporting Information).
Following a thorough exploration of process parameters, we

achieved a photoresist structure height of ≈730 nm, which is 6-
fold thicker than our standard metal layer stack of 20 nm of Tita-
nium and 100 nm of gold. With this layer stack, the metal lift-
off in NI555 was feasible, yielding final fabricated metal feed-
lines 520 nm wide with a space of 280 nm (Figure 1Bi,Ci).
In Figure 1Bi-ii the dimensions of the fabricated feedlines and
spaces (N = 15 feedlines) were extracted from different FIB-cuts
(FEI TFS Helios 600i G3), resulting in a critical dimension bias
of 20–35 %, corresponding to 120 nm dimensional deviation of
the resulting structures from the mask. This outcome attained
the resolution limit of OCL, given that the mask dimensions
(400 nm)match the UV exposure wavelength of themask aligner
at our facility.
The feedline miniaturization achieved in this study surpasses

the ones reported in the literature, particularly when one consid-
ers the possibility of designing a high-density intracortical shank
with one metal layer embedded in a polymer substrate (Table
ST1, Supporting Information). This approach has the potential to
reduce microfabrication complexity and processing time. While
submicron feedline resolution has been accomplished, high-
density sub-50 μm shank widths with single metal layers remain
unfeasible with OCL and broadband exposure, given that a min-
imum shank width of 51 μm is required for a 64-channel shank
containing 64 feedlines, without considering the electrodes and
side space. To further enhance feedline resolution in OCL, the
UV wavelength can be reduced by implementing optical filters
or using deep UV lithography. Additionally, in our tests, antire-
flective coatings were useful in suppressing any reflection from
the surface of the substrate and hence hindered the resist to form
a C-shape undercut profile (Figure S5, Supporting Information).
This process allowed an easy lift-off after metallization, but could
not realize a coating that is suitable in the overall process and for
the purpose of the feedlines.

3.1.2. Electron-Beam Lithography

EBL is known for its high alignment and structure accuracy.
Its limiting factors do not arise from the technique itself in
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comparison to OCL; rather they arise from the processing of the
substrate material, in this case, PaC itself, for two primary rea-
sons. First, most common EBL-resists need to be developed by
solvents, which, however, can cause swelling, alter the properties
of PaC, or degrade it, since it is sensitive to solvents.[39] Further-
more, a suitable undercut is in our experience always a challenge
on PaC, but it is crucial for a working lift-off process as discussed
before.
We therefore conducted a series of experiments with different

solvents to our processes. To create a well-defined undercut, we
tested a double-layer stack of a copolymer (AR-P617.03)[17] and
PMMA (AR-P679.03)[18] or CSAR (AR-P6200.03)[40] as proposed
by Allresist GmbH. The Copolymer resist is a suitable choice
for the first layer in a double-layer stack due to its higher elec-
tron sensitivity compared to PMMA or CSAR. This increased
sensitivity allows the copolymer to develop more quickly than
the top PMMA or CSAR layer, resulting in a well-defined un-
dercut after development (Figure 1Aviii). Usually, for EBL down
to a few nanometers, CSAR is preferred due to its high con-
trast and process stability. However, using AR 600-546 as de-
veloper left residues on the feedlines as well as on the con-
tact pads making the subsequent lift-off problematic. Finally,
the copolymer AR-P 617.03 and PMMA AR-P 679.03 showed
the most promising results using a methyl isobutyl ketone
(MIBK)-based developer (AR 600–55) especially after introduc-
ing a cold development method at 0 °C for increasing the con-
trast of the PMMA.[20,21,41] With this process, we were able to
achieve average metal feedlines down to 50 nm and a spacing
of 150 nm (50/150 LS), as well as 320 nm lines and 280 nm
spacing (300 LS) (Figure 1Ciii–v). Finally, the copolymer AR-
P 617.03 and PMMA AR-P 679.03 showed the most promis-
ing results using a methyl isobutyl ketone (MIBK)-based de-
veloper (AR 600–55) especially after introducing a cold devel-
opment method at 0 °C for increasing the contrast of the
PMMA.[20,21,41] With this process, we were able to achieve aver-
age metal feedlines down to 50 nm and a spacing of 150 nm
(50/150 LS), as well as 320 nm lines and 280 nm spacing (300 LS)
(Figure 1Ciii–v).

3.1.3. Challenges

In addition to resolution-related challenges, substrate particles
can compromise the adhesion of both photoresist andmetal layer
stack, leading to an imperfect lift-off mask, failed metal lift-off,
or disrupted feedlines in both lithography techniques. In OCL,
non-optimal exposure doses or photoresist inhomogeneities can
result in poor undercutting, causing fencing effects (photoresist
residues) or disrupted feedlines. In EBL, structures are written
within write fields (WF), where the electron beam is shifted along
a small area on the sample. Once the writing is done in this WF,
the stagemoves to the nextWF. Due tomisalignment of the elec-
tron beam or stage inaccuracies, beam stitching errors can occur
yielding an offset in the feedlines at the WF boundary and hence
to failures in the lift-off procedure.[42] Additionally, in EBL, fine
and coarse structures are patterned separately, and thermal drifts
over long exposures can cause misalignments, further compro-
mising the lift-off mask. These challenges are particularly critical
for the microfabrication of long, narrow feedlines. However, the

process flows presented in this work enabled the successful fab-
rication of feedlines as narrow as 40 nm and as long as 1863 μm.

3.1.4. High-Density Neural Implant with Submicron Resolution

After exploring the resolution limits and despite the challenges
of OCL and EBL for the patterning of the deposition mask for
metal lift-off, we microfabricated functional high-density neural
implants with a single metal layer process and housing 64 elec-
trodes with a diameter of 12.5 μm and a pitch of 40 μm in one in-
tracortical 1.8 mm long shank. Toward cross-sectional miniatur-
ization, two shank designs with a narrowing cross-section toward
the tip were implemented using EBL. The first design featured a
maximum shank width of 50 μm, comprising 50 nm lines and
150 nm spaces (see Figure 1Di–iii). The second design exhibited
a maximum shank width of 70 μm, with 300 nm lines and spaces
(see Figure 1Dii,iv). Both shank designs feature a narrow shank
width toward the tip of only 35 μm.

3.2. Electrical and Electrochemical Performance

Neural implants aim to interact with nervous tissue and detect
extracellularly neural activity, which lies at the microvolt range.
Therefore, their electrical and electrochemical performance is
critical for recording quality. Due to the reduced feedline dimen-
sions proposed in this work, both the impedance of working elec-
trodes and crosstalk are key factors influencing the functionality
of these devices.[43,44]

3.2.1. Electrochemical Performance

The electrodes of the high-density intracortical implants contain-
ing 300 nm feedlines were coated with PEDOT:PSS, exhibiting
an average impedance at 1 kHz of 40.8 kΩ with a standard devi-
ation error of the mean of 2.1 kΩ (N = 134 working electrodes
across three implants) (Figure 2Ai; Figure S6, Supporting In-
formation). The electrodes showed capacitive behavior at higher
frequencies and a resistive behavior at lower frequencies, typi-
cal of PEDOT:PSS electrodes.[45] Their low impedance rendered
them suitable for neural recording.[44] (Figure 2A). The electri-
cal continuity of the feedlines was confirmed in finalized devices
with 300 nm-wide feedlines (lines and spaces), as successful elec-
trodeposition of PEDOT:PSS was verified through electrochemi-
cal impedance measurements. This demonstrated continuity for
a 300 nm-wide, 1863 μm-long feedline.

3.2.2. Crosstalk

Due to the miniaturized dimension of the feedlines and their
proximity, both in the nanometer range, crosstalk was evaluated.
Crosstalk is defined as the unintended interference, also known
as coupling, between adjacent conductive pathways, in this con-
text, feedlines.[24] Hence, crosstalk is the most significant techni-
cal limitation for scaling up the electrode count for high-density
microelectrode arrays for neural recording, as it implies scaling
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down the dimensions of feedlines, which are then susceptible to
two primary forms of crosstalk: capacitive, characterized by the
induction of unintended voltages on neighboring feedlines, and
resistive, marked by direct current leaks.
To investigate the effects of feedline dimensional miniaturiza-

tion on crosstalk, we proposed an equivalent circuit to model the
expected measurement configuration (Figure 2B). The circuit is
composed of two primary components: one that is submerged in
an electrolyte solution and one that is exposed to ambient air. The
latter component primarily consists of the recording system con-
nected to neural implants. In turn, the first block comprehends
a shank with two gold/PEDOT:PSS working electrodes with a di-
ameter of 12.5 μm, each connected to 1.8 mm long gold feed-
lines, with varying widths and inter-spacing and separated by an
insulating material (PaC). Both electrodes and feedlines are im-
mersed in an electrolyte, resembling the setup of an intracortical
neural implant. Hence, in our region of interest (Figure 2B, black
box, dashed grey box), each feedline is represented by the lead
resistance RF, and the influence of crosstalk was modeled with
two capacitors, Ccr and CEyF, representing the direct capacitive
coupling between adjacent feedlines, as well as the indirect cou-
pling between the feedlines, the side passivation, and electrolyte,
respectively.
FEM analysis visualized the electric field potential between

feedlines during electrical recording. The distribution of the elec-
tric field potential shows that the active feedline (aggressor) in-
troduces an electric potential into the passive feedline (victim),
which is the discussed crosstalk effect (Figure 2C). The results of
the FEM simulation show a capacitive coupling in the fF-range,
which is consistent with previous studies of crosstalk in polymer-
based microelectrode arrays.[46]

As anticipated, capacitive coupling and lead resistance in-
crease for submicron feedline structures (Figure 2D). Accord-
ingly, we expect an approximately 13-fold increase in thermal
noise when comparing a 50 nm (vt50 = 0.67 μV) wide feedline
with a 10 μm (vt10000 = 0.05 μV) wide feedline. However, even for
the smallest fabricated feedline in this work, (Table ST6, Support-
ing Information), thermal noise remains below 1 μV and below
0.5 μV for a 300 nm wide feedline (vt300 = 0.26 μV), which was
used for our in vivo validation, indicating minimal impact on
electrophysiological recordings. Additionally, circuit simulation
across frequencies predicted minimal crosstalk. Even the small-
est feedline structure with a width of 50 and 150 nm spacing ex-
hibited crosstalk of only 0.0011% at 1 kHz, the frequency of inter-
est for the recording of neuronal APs[47] (Figure 2Eii). A trend of
higher crosstalk at higher frequencies was obtained, as expected
(Figure 2Eii). In order to achieve high-quality neuronal record-
ings, crosstalk should not exceed 1%.[43] Consequently, we do not
anticipate significant crosstalk in any of the feedline structures
that are presented in this study. Therefore, these structures are
deemed suitable for neuronal recordings.
The validation of the crosstalkmodel was attempted using elec-

trochemical impedance spectroscopy on passivated electrodes
(covered with PaC) with adjacent submicron feedlines (300 nm
lines and spaces). Measurements were conducted in air to assess
direct crosstalk capacitance (Ccr) and in PBS to account for both
direct (Ccr) and indirect (CEyF) capacitances. While impedance
measurements in air showed lower capacitance than those in
PBS, the results are considered unreliable. At lower frequencies

(below 100 Hz), the measured impedances fall outside the spec-
ifications of the measuring devices, and at higher frequencies
(above 100 Hz and up to 1 MHz), accuracy decreases with devia-
tions of up to 1%, making it difficult to accurately fit the system
(Figure S6, Supporting Information).

3.3. In Vivo Validation

Flexible high-density intracortical implants with submicron res-
olution were validated in vivo in rats. After the microfabrication,
we integrated the flexible implants with a customized andminia-
turized front-end connector, characterized by a form factor of
12 mm × 17 mm, and a total weight of 0.9 g. The lightweight
nature of the implants rendered them suitable for in vivo appli-
cations in small animal models, such as rats (Figure 3A). Subse-
quently, a stiff shuttle, consisting of a 50 μm-tungsten rod, was
temporarily affixed onto the flexible intracortical shank to aid the
insertion of the implant (Figure 3B) and removed after dissolving
the PEG-based adhesive intraoperatively.
To assess the functionality of the devices, we monitored the

impedance of recording electrodes in vivo, both intraoperatively
and during awake recordings. An illustrative representation of
the electrode impedance distribution is presented in Figure 3D,
where the majority of the electrodes exhibited an impedance at
1 kHz below 1MΩ (Figure 3D; Figures S8 and S9, Tables ST7 and
ST8, Supporting Information), thereby confirming their suitabil-
ity for neuronal recording. The average impedance magnitude
at 1 kHz was 127 kΩ (N = 91 electrodes across three probes)
with a standard error of 20 and 139 kΩ (N = 78 electrodes across
three probes) with a standard error of 23 kΩ intraoperatively
and in awake recordings, respectively. Electrode survival rates
ranged from 87 to 98% in two of the three implanted animals but
dropped to 9% in the third implant during intraoperative moni-
toring, with further reductions during awake recordings. For ex-
ample, the percentage of functional electrodes in the first probe
decreased from 87% to 55%. In the third implant, immediate in-
traoperative failure occurred due to physical damage from the re-
moval of the insertion shuttle.
The large spread of the in vivo impedances toward the MΩ

range (Figure 3D; Figures S8 and S9, Tables ST7 and ST8, Sup-
porting Information) suggests that the PEDOT:PSS electrode
coating might have been compromised during insertion, lead-
ing to increased electrode impedances. Additionally, incorrect
classification of electrodes as non-functional electrodes can be
also affected due to loose connections between the implants and
the head stage or to undissolved PEG from the recording sites
during intraoperative recordings. This may explain why the sec-
ond implant exhibited a higher number of functional record-
ing electrodes during awake recordings compared to intraopera-
tive impedance measurements (Tables ST7 and ST8, Supporting
Information).
Since the implants were positioned in the barrel cortex, we

performed whisker brushing in awake animals to trigger cortical
neuronal activity. We utilized the high-density electrode array to
characterize activity across cortical layers. Both lower-frequency
recordings containing local-field potentials (LFPs) (Figure 3E)
and higher-frequency recordings containing neuronal spikes
(Figure 3F) showed increased activity during whisker brushing.
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This activity was particularly visible at certain depths along the
electrode array, suggestive of cortical layer-specific recordings.
Particularly high amplitude recordings were observed in chan-
nels at depths of 1.3 to 1.5 mm into the cortex, likely correspond-
ing to layer 5 neurons (Figure 3E,F). This approach also enabled
the simultaneous recording of multiple neuronal units across
electrodes, as confirmed by representative spike waveforms from
electrodes located in the deepest cortical layers.

4. Conclusion

In this study, we explored the fabrication limits of OCL and EBL
on polymeric substrates to advance high-density, flexible neural
implants for neurophysiology. Our objective was to realize high-
density intracortical shank designs with a small footprint while
achieving a higher channel count, to enable large-scale neuronal
recordings. Given its established biocompatibility and conforma-
bility, PaC was selected as the substrate and encapsulation mate-
rial to ensure stable integration within neural tissue.
By testing the technical limitations of OCL, we successfully

fabricated submicron metal feedlines with widths of 520 nm and
spaces of 280 nm on PaC, exceeding the minimum feature size
of 600 nm reported by others on polymer substrates.[6] Further
improvements using EBL enabled the realization of ultra-high-
density feedlines down to 50 nm, with interconnect spaces as
small as 150 nm. These outcomes demonstrate the feasibility of
miniaturization while reducing manufacturing complexity, en-
abling the implementation of high-density single-metal layer de-
vices and further high-density multi-shank and multi-site neural
implants. The advancements in fabrication technology facilitated
the development of a 64-channel neural implant with a 1.8 mm
long shank with a cross-section of 6 μm × 50–70 μm (300-420
μm2), demonstrating a density of 507–711 electrodes per mm2.
To assess the performance of the devices, both electrochemi-

cal and electrical properties were investigated through theoretical
simulations and impedance spectroscopy in PBS and in vivo con-
ditions, demonstrating low impedance PEDOT:PSS-based elec-
trodes with submicron feedline providing minimal crosstalk. Fi-
nally, the in vivo validation of the fabricated implants confirmed
their ability to record neuronal activity across cortical layers,
demonstrating their potential for both acute and chronic neuro-
physiological applications. These results highlight the feasibility
of using OCL and EBL for fabricating next-generation neural in-
terfaces with enhanced resolution and reduced invasiveness.
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