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ABSTRACT 

Modulating and recording neuronal activity are essential for probing brain function and developing therapies for neurological 
disorders. However, conventional flat-end optical fibers—widely used for deep brain access—interact with neural tissue only at 
their distal tip, limiting spatial resolution across brain layers. To address this challenge, we introduce the microfluidic axialtrode, 
a flexible neural interface that exploits controlled angled cleaving of a thermally drawn multimaterial fiber to achieve axial 
redistribution of integrated electrodes and microfluidic channels. We demonstrate in vivo that this design enables spatially 
distributed optogenetics, multisite electrophysiological recording, and targeted drug delivery along the fiber’s axis, allowing 
simultaneous interaction with multiple neuronal layers. The axial configuration increases the functional interface with brain 
tissue, while the soft polymer construction and reduced footprint significantly suppress the inflammatory response compared to 
conventional silica fibers. Integration with a 3D-printed scaffold, fabricated from FDA-approved biocompatible resin, provides 
mechanical stability and compatibility with standard experimental hardware. The monolithic integration of these features 
positions the axialtrode as a scalable and versatile platform for next-generation neural interfacing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

Understanding the brain’s complex functions and pathological
mechanisms requires advanced neural interfaces capable of
precise and multimodal interactions with neural circuits [ 1 ].
Current conventional approaches often require separate devices
for optogenetics, drug infusion, and electrophysiological record-
ing, complicating experimental setups and restricting real-time
multimodal investigations [ 2, 3 ]. Multifunctional neural inter-
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faces typically rely on rigid probes or microfabricated platforms.
While these devices have enabled important insights into brain
activity, they often suffer from tissue damage and inflammatory
responses in chronic in vivo investigation, which derive from the
mechanical mismatch between the rigid probe and the soft neural
tissue [ 4 ]. 

During the last ten years, polymer-based multi-material optical 
fibers have emerged as a versatile platform for developing
its use, distribution and reproduction in any medium, provided the original work is properly 
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FIGURE 1 The mAxialtrode devices. (a) Schematic of the mAxialtrode showing integrated optical waveguide, functional structures (MCs, or 
electrodes) for spatially distributed optogenetics, layer-crossing EEG recordings, and drug delivery. (b) Photograph of the mAxialtrode tip placed on 
a fingertip for scale reference. (c) EEG recordings from multiple channels spanning the cortex and hippocampus during light stimulation. (d) Drug 
delivery at distinct depths in a brain phantom. Green dye was delivered from the uppermost MC and trypan blue from the lowest channel, demonstrating 
a delivery span of up to 2.7 mm. (e) 3D models of two scaffold designs engineered to support and align the mAxialtrode. (f) Image of the fully assembled 
device showing the mAxialtrode integrated with the 3D-printed biocompatible scaffold. 
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multifunctional brain implants [ 5–7 ]. Their superior flexibility
results in minimal inflammatory responses compared to their
rigid counterparts [ 8 ]. Yet, most fiber-based implants confine
functional structures outlets to the distal tip, restricting their
ability to probe brain structures with vertically distributed neu-
2 of 16

v

ronal populations, such as the medial prefrontal cortex [ 9 ]. This
limitation becomes particularly critical when neural circuits span 
large dorso-ventral ranges, as in seizure networks involving both
cortical and hippocampal regions [ 10 ]. Strategies such as combin-
ing flat-end facet fibers with electrode arrays or pairing tapered
Advanced Science, 2026
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fibers with recording electrodes [ 11 ] offer partial solutions, but
they remain limited by positional uncertainties and lack intrinsic
multimodality across depth. 

Several recent advances have attempted to overcome these
limitations. Antonini et al. developed thermally drawn
multifunctional fibers incorporating low-impedance electrodes
and fluidic channels [ 12 ]. While angled and step cleaving
were illustrated as potential routes toward depth-specific
neuromodulation, functional validation was not provided,
and practical multi-depth interrogation in that work relied on
mechanical repositioning with a microdrive. More recently,
tapered T-DOpE probes enabled compact multimodal tips
for optogenetics and pharmacology [ 13 ], but multi-layer
delivery required incrementally advancing the implant
between injections, which is sequential and invasive. Similarly,
modular MoRF probes introduced a reconfigurable fiber-in-fiber
architecture [ 14 ]. However, their depth versatility still depended
on mechanical displacement of inner modules, limiting their
capacity for simultaneous interrogation across layers. 

Here, we present the microfluidic axialtrode (mAxialtrode), a
multifunctional polymer-fiber interface that redefines angled
cleaving as a functional strategy for layer-crossing neuromodula-
tion. By embedding electrodes and microfluidic channels (MCs)
within the cladding and precisely controlling the end facet angle,
the device intrinsically redistributes functional elements along
the fiber axial direction (distributed at different brain depths
after implantation), as illustrated in Figure 1a,b . In vivo exper-
iments demonstrated the reliable performance of the proposed
device, successfully achieving simultaneous optical stimulation
and electrical signal recording across different brain structures
(Figure 1c ). The “axial” drug delivery capability was validated by
injecting two pharmaceutical compounds into different vertical
locations across up to 2.7 mm deep in the brain tissue. This range
allows targeted drug delivery spanning from the cortex to the tha-
lamus in the rodent brains (Figure 1d ). Additionally, two kinds of
3D-printed interface scaffolds, fabricated using Formlabs Biomed
Clear (a biocompatible, FDA-approved resin) and Phrozen resin,
were developed to seamlessly connect the mAxialtrodes with
external systems such as a light source, electroencephalography
(EEG) recording system, and syringe pump (Figure 1e,f ). This
innovative platform provides a versatile and minimally invasive
tool for precise neuromodulation, offering new opportunities for
advanced brain research and therapeutic interventions. 

2 Results 

2.1 Design and Fabrication of mAxialtrode 
Devices 

The mAxialtrode is based on a step-index polymer optical fiber
fabricated using a thermal drawing process. Specifically, poly-
carbonate (PC) and poly(methyl methacrylate) (PMMA) were
chosen as the core and cladding materials due to their thermo-
mechanical compatibility, overlapping viscosity-temperature pro-
files [ 15 ], and distinct refractive indices [ 16 ]. During thermal
drawing, a macroscopic preform, prepared by the rod-in-tube
method as depicted in Figure 2a , was heated and drawn into
a fiber with equivalent cross-sectional geometry but micro-
Advanced Science, 2026
scale dimensions. It is worth noting that the eight blind bores
(hollow channels) with a diameter of 4 mm were added from
the lower end-face of the PMMA tube. These blind bores can
help to build up constant pressure in the hollow channels to
maintain the microstructure of the fibers during the thermal
drawing process (Figure 2b ). In this study, the target fiber
diameter ranged between 420 and 440 µm for compatibility with
commercially available ceramic ferrules (CFLC440-10, Thorlabs). 
Several hundred meters of flexible polymer optical fiber were
successfully produced in a single drawing (Figure S1 ). The cross-
section of the drawn PC/PMMA fibers with a core diameter of
200 µm and microfluidic channel diameter of 20 µm is depicted
in Figure 2c , illustrating that the eight MCs are equally distributed
around the fiber core in the PMMA. The fabricated optical fibers
support light delivery at blue (470 nm wavelength) and red
light (650 nm wavelength) for activating commonly used opsins
in optogenetics, such as channelrhodopsin-2 (ChR2) and red- 
shifted rhodopsins, respectively (Figure 2c ) [ 17, 18 ]. The produced
polymer optical fibers exhibit a low bend loss, as seen in Figure 2d ,
blue light can be guided even if the fiber is twisted around
a small glass rod with a diameter of 5 mm. To achieve layer-
crossing drug delivery, an angled-end facet was introduced to
the polymer fibers to make the MCs distribute in distinctive
positions along the axial direction of the fibers. Exploiting the
soft nature of polymer materials, we developed a controllable
and accurate mechanical cleaving method for introducing the 
angled tip based on a custom stainless-steel mold (Figure S2 ).
The mold features “V” grooves machined onto one surface of a
stainless-steel block, with the angle between the grooves and the
block’s edge customized according to the desired angle. During
the cleaving process, the fiber was placed in one of the grooves
with its tip extending out. Pressure was applied to the upper face
of the mold to enhance friction between the fiber and the mold,
preventing any unintended movement during cutting. Ultimately, 
the fiber tip was cleaved by sliding a blade along the side face
of the stainless-steel block. Angled structures at 90◦ (flat-cleave), 
45◦, 30◦, and 15◦ were produced based on this method, as shown
in Figure 2e . For EEG recordings, metal wires can be placed into
the MCs and work as electrodes. As seen in Figure 2f , the MCs
within the cladding of the angled-tip polymer optical fiber were
mechanically exposed from the side surface of the fiber. Tungsten
metal wires with a diameter of 20 µm were then integrated into
the MCs from the exposed site under an optical microscope until
they appeared at the angled surface of the fiber. Subsequently, the
tungsten wire was secured with cyanoacrylate adhesive, which 
not only stabilized its position but also sealed one end of the
microfluidic channels, thereby maintaining constant pressure 
within the gap between the channel and the wire. This sealing
effectively prevents cerebrospinal fluid from flowing back into the
channel. 

To facilitate the connection of the mAxialtrode with external
equipment, including the light source for optical neuromodula- 
tion, an EEG recording device, and a drug delivery pump, custom
scaffolds were created using a 3D printer (Sonic Mighty 8K,
Phrozen). Here, we proposed two scaffold designs (Figure 1e,f ,
and Figure S4 ): Design 1 consists of a ferrule holder, pin holder,
and a tube holder for the connection with an optical patch
cable, electric pin header, and drug delivery tubes, respectively.
To increase its biocompatibility in chronic research, the scaffold
was printed with Formlabs Biomed Clear, an FDA-approved 
3 of 16
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FIGURE 2 Development and fabrication of mAxialtrode. (a) Perform fabrication process. I: Polycarbonate (PC) and poly(methyl methacrylate) 
(PMMA) rods were used as core and cladding materials, respectively. II: The PC rod was machined to a diameter of 10 mm, and a central hole (10.3 mm 

diameter) was drilled into the upper face of the PMMA rod to accommodate the PC core. Eight additional 4 mm-diameter holes were drilled into the 
lower face of the PMMA rod. III: The PC rod was inserted into the central channel of the PMMA rod to complete the preform. Bottom images show 

the assembled preform from both ends. (b) Schematic of the thermal drawing process used to produce PC/PMMA optical fibers. Tens of meters of fiber 
were fabricated in a single-step fiber draw. (c) Microscope image of the fiber cross-section showing the PC core surrounded by eight equidistant MCs 
(top). Near-field optical profiles for red (650 nm, middle) and blue (470 nm, bottom) light guided by the PC core. (d) Image of the polymer optical fiber 
twisted around a 5 mm-diameter rod while maintaining blue light transmission through the core, demonstrating low bend loss. (e) Optical microscopy 
images of fiber tips cleaved at different angles (90◦, 45◦, 30◦, and 15◦), showing the ability to control end-facet geometry for axial targeting. (f) Electrode 
integration into the fiber. I: MCs were exposed from the fiber’s side surface using a scalpel. II: Tungsten wires (20 µm diameter) were inserted into the 
exposed MCs. III: Wires were fixed in place with a small drop of cyanoacrylate adhesive, which also sealed the channels to maintain pressure during in 
vivo use. 
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biocompatible resin. This scaffold was designed for simultaneous
optical, electrical, and chemical neural modulation. Design 2
consisted of a ferrule holder for optogenetics and a pin holder
with nine slots for multi-site neural activity recordings. This
design can support up to 8 electrodes for EEG recordings across
different depths. The multi-slot structures in design 2 are for
preventing mutual entanglement of the metal wires or any
potential unwanted cross-talking. Design 2 was printed using
Phrozen resin for a cost-effective solution in acute experiments.
The lightweight nature of the assembled mAxialtrode devices
(0.25 g and 0.6 g for designs 1 and 2, respectively) allows secure
fixation on the heads of mice for in vivo experiments (Video S1
and Figure S5 ). 

2.2 Characterization of the mAxialtrodes 

The optical characterization of the mAxialtrodes was conducted
by measuring their illumination maps and optical attenuation
spectra. Illumination maps at the output end of the angled fiber
were simulated using the ray-tracing software Zemax OpticStudio
and experimentally verified in a brain slice. In the simulations,
we compared the illumination map of angled-tip fibers (15◦, 45◦,
and 30◦) with that of a flat-end optical fiber (90◦) (Figure S6 ,
for simulation details). The corresponding results are depicted in
Figure 3a . It can be seen that the medium adjacent to the end facet
of the mAxialtrode was efficiently illuminated at different angles.
Interestingly, with a reduction in the cleaving angle, part of the
light propagates in the core of the fiber and is reflected by the
interface between the core and the brain medium (forming cluster
b) and further reflected by the interface between the cladding and
the brain medium (forming cluster c), as illustrated in Figure S7 .
In addition, decreasing the cleaving angle results in a reduced
divergence of the emitted light (i.e., a smaller angular separation
between the three clusters), leading to a progressive shift of the
illuminated region toward the fiber tip. It is worth noting that
as all functional structures (electrodes or MCs) are located at the
end facet of the fiber—which constitutes the effective interaction
region with light, —the illumination maps shown in Figure 3a
were calculated only at the end facet of the fiber. Light propa-
gating backward from the end facet (corresponding to cluster b)
was therefore not included. Figure 3b compares the illumination
map differences between fibers with flat end facets, 45◦, and 30◦
angles investigated in real brain slices. It is evident that for the
fiber with a 45◦ angled tip, part of the tissue on the back side of
the end facet is illuminated due to reflection by the core-tissue
interface, corresponding to the ray cluster b in the simulation
(Figure S7 ). When the angle of the mAxialtrodes is reduced
to 30◦, more polymer volume must be inserted into the brain
tissue for mapping the illumination profile due to the enlarged
angled tip length. Despite the strongly compressed tissue around
the fiber resulting in serious inhomogeneous tissue density and
deformation of the illumination map, it is still evident that tissue
near the tip of the fiber and on the back of the angled end
facet has a high illumination intensity (Figure S8 ). To minimize
tissue deformation during the experimental investigation of the
illumination map, the orientation of the brain slice was rotated
to maintain the upper surface of the slice in contact with the
angled end facet of the 30◦ tip fiber in Figure 3b . The attenuation
spectrum of the optical waveguide in the wavelength range of
450 to 1100 nm was measured using the cut-back method [ 19–
Advanced Science, 2026
21 ], as shown in Figure 3c . The minimum loss was observed to be
approximately ∼ 0.1 dB/cm between 750 and 850 nm, consistent
with prior reports on PC-based polymer optical fibers [ 21 ]. High-
loss bands are present between 600 and 1100 nm due to the high
harmonics of carbon-hydrogen bonds’ vibration absorption [ 22 ].
The elevated loss region at wavelengths shorter than 600 nm is
attributed to the scattering and electronic transition related to
ultraviolet absorption [ 23 ]. Despite the pronounced loss in the
blue region of the spectrum (470 nm), optical neuromodulation
can still be achieved since only a short length of fiber is needed
for implantation [ 6, 7, 21 ]. 

The electrical characterization of the neural interfaces involved 
measuring impedance spectroscopy with a chemical impedance 
analyzer (IM3590, Hioki). Figure 3d displays the measured 
impedance of the eight electrodes in the frequency range between
1 Hz and 10 kHz (more detailed characterization results of the
impedance and phase of the eight integrated electrodes can
be seen in Figure S9 ). The variability in impedance among
the electrodes is likely attributed to slight differences in the
effective electrode–electrolyte interface area, caused by small 
gaps between the tungsten wires and the surrounding cladding
that may be partially filled by the electrolyte solution during
measurement. Considering electrodes with impedances less than 
1 M Ω at 1 kHz region are considered to be suitable for electro-
physiology [ 24 ], the integrated tungsten electrodes are anticipated
to provide high-quality signal recordings, as we show in the
subsequent in vivo experiments. 

The drug delivery ability of the mAxialtrode was first charac-
terized by measuring the build-up pressure (difference between 
the inner pressure in the tube and the atmospheric pressure) in
channels under different drug delivery rates, since too high a
build-up pressure may lead to tissue damage and device leakage
or failure. From Figure S10a , the MCs have a negligible build-up
pressure ( < 0.1 bar) under a delivery rate lower than 5 µL/min.
This suggests that these MCs can achieve safe and efficient virus
injection in optogenetic experiments, which require an injection 
rate lower than 1 µL/min [ 25, 26 ]. This was further confirmed
by the observation that the output rate matched the delivery
rate when the latter was set below 1 µL/min (Figure S10b ). The
blowoff pressure (the pressure at which the tube expands too
much and leads to the failure or leakage) has been measured to
be ∼ 6 bar, which is higher than the necessary build-in pressure
for convection-enhanced delivery (a technique used to deliver 
therapeutic agents, such as drugs, directly into the brain or spinal
cord through a pressure-driven flow) [ 27 ]. To illustrate the layer-
crossing drug delivery function of the mAxialtrode, we compare
its drug delivery pattern with that of a conventional flat end-
facet fiber, as seen in Figure 3e . Two drugs with different colors,
green and blue, were delivered by the uppermost channels and
the lowest channels of the mAxialtrode, respectively. The drug
delivery depth span can be up to 2.7 mm (Figure 3f ). In contrast,
that of the flat-end facet fiber is 1.27 mm when the same volume
of the drug was delivered, which is less than half of the depth span
of the mAxialtrode. 

The microglial inflammatory response induced by the implanted 
mAxialtrodes was assessed using immunohistochemistry (IHC). 
We experimentally compared the tissue response between the 
15◦ mAxialtrode and that of a conventional flat end-facet fiber of
5 of 16
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FIGURE 3 Characterization of the mAxialtrode. a) Simulated light distribution maps for fibers with tip angles of 90◦, 45◦, 30◦, and 15◦, illustrating 
changes in axial and radial illumination patterns. The locations of functional structures (electrodes or microchannels) are indicated by black dots. b) 
Experimental illumination maps of the same fiber tip geometries measured in fixed brain slices, confirming angle-dependent spatial light distribution. c) 
Loss profiles of polymer optical fibers, measured using the cut-back method using a supercontinuum source. d) Impedance spectra of integrated tungsten 
electrodes in the mAxialtrode across frequency. Data represents eight electrodes (n = 8); the black line shows the mean impedance, and the grey shaded 
area indicates variation across samples. e) Optical microscope images showing drug diffusion patterns from flat-cleaved and angled mAxialtrodes under 
equal injection volumes. f) Comparison of drug delivery depth span ( Δy) between flat-end fibers and mAxialtrodes under equal total injection volume. 
For the mAxialtrode, half the volume was injected via the uppermost channel and the other half via the lowest, enabling axial separation of infusion 
zones. g) Immunohistochemistry images of microglia (Iba1, green) and nuclei (DAPI, blue) in brain tissue 4 weeks post-implantation of mAxialtrodes 
and conventional flat-end polymer fibers. h) Quantification of Iba1 fluorescence intensity in a 500 × 500 µm region centered at the fiber tip, comparing 
mAxialtrodes, flat-end fibers, and control (non-implanted) animals (n = 7 slices per group, 4-week implantation). Error bars represent the standard error 
of the mean. 

6 of 16 Advanced Science, 2026
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identical material and diameter. Here we chose the mAxialtrode
with a tip angle of 15◦ since the long distance between its
uppermost and lowest electrodes can be as large as 900 ± 10 µm,
which is preferable for resolving the depth brain neural activity
dynamics and recording in the following in vivo experiments.
Mice with mAxialtrodes (n = 2) and standard end-facet fiber
(n = 2) implanted were transcardially perfused 4 weeks after
the implantation. The ones without any implantation surgeries
served as control samples (n = 2). After the brains were dissected
and sliced using a cryostat, the slices were stained with marker
ionized calcium-binding adaptor molecule 1 (Iba1) and 4 ′ ,6-
diamidino-2-phenylindole (DAPI) for activated microglial cells
and their nuclei detection, respectively (Figure 3g ). The intensity
of fluorescence observed within specified regions of interest (ROI)
(500 µm x 500 µm) centered at the tip of the inserted fiber was
used as an indicator of the reactive microglia induced in the brain
by the neural devices. Quantitative analysis across different brain
slices indicates a variance in the mean fluorescence intensity
levels among the three distinct groups of samples (Figure 3h ),
with the mAxialtrode proposed in this work producing less
inflammatory response aggression compared with its flat end-
facet counterpart (p = 0.0547, Figure S11 ). This can be attributed
to the reduced foreign body response introduced by the smaller
volume of the angled end-facet of the implant, combined with
the fact that the sharpened mAxialtrode’s tip reduces the tissue
compression beneath the device during the implantation process
compared with the fiber with a flat end-facet. 

2.3 In Vitro Photoelectric Artifacts Evaluation 

During electrophysiological neural activity recording, photo-
electric artifacts represent a primary noise factor leading to
data contamination and distortion [ 28 ]. For metallic materials,
the valence and conduction bands typically overlap, making
it easy for electrons to be excited by photon energy during
light stimulation, resulting in photoelectric artifacts [ 29, 30 ]. In
addition, the photoelectric artifacts can also be affected by the
distance between the optical waveguide and the electrodes [ 31 ].
Consequently, it is imperative to investigate the photoelectric
artifacts of the proposed mAxialtrodes to ensure reliable signal
recording. 

With the assistance of the 3D printed scaffold and a custom-
made pin adaptor, the proposed mAxialtrodes can be seamlessly
connected with commercially available light sources and elec-
trophysiology recording systems for all in vitro and in vivo
experiments (Figure S12 ). In vitro measurements of optical
stimulation-induced photoelectric artifacts were conducted by
coupling a pulsed LED source (470 nm, 10 ms, 10 Hz) to the
mAxialtrode with a 15◦ tip in phosphate-buffered saline. The
position of each electrode channel number of the device can
be seen in Figure 4a , while Figure 4b illustrates the temporal
relationship between the stimulating light pulse and the resulting
artifacts. The photoelectric signals are observed to be triggered
at the rising edge of the LED light pulse and begin to decrease
at the falling edge. Recorded electrical signals from all eight
electrodes during blue light stimulation in broadband (1–9000
Hz), the local field potential region (0.1–100 Hz), and the multi-
unit activity region (500–9000 Hz) are presented in Figure 4c
(the full recordings are illustrated in Figure S13 ). Signals from the
Advanced Science, 2026
upper three electrodes are highlighted with a blue shadow, while
signals from the lower three electrodes are marked with a red
shadow. It is clear that the lower three electrodes at the angled
end facet of the mAxialtrode experience light-induced electric 
artifacts, while the light stimulation has a negligible effect on the
electrodes at other positions. A comparative analysis reveals that
the electrode at the lowest position (connected with Ch6) exhibits
the highest photoelectric artifact amplitude. This is attributed to
the tendency of light propagating in the core of the fiber to emit at
the tip of the fiber, as indicated by our simulations. The resulting
higher light intensity at the tip leads to stronger photoelectric
artifacts for electrodes at lower positions. Furthermore, it is
observed that the photoelectric artifacts strongly influence the 
local field potential region (0.1–100 Hz) but have a negligible
impact on multi-unit spike recordings (500–10 000 Hz). Power
spectrum analysis of the electric signal recording suggests that
light-evoked artifacts mainly occur at frequencies of 10, 20, 30,
and 40 Hz, matching the frequency of the stimulated light and
its overtones (Figure S14 ). Using high-pass filtering has been
previously reported as a proposed strategy for mitigating artifacts
in neural spike data [ 32 ]. To further assess the separability of the
artifacts from background noise, the signal-to-noise ratio (SNR)
[ 33 ] of the photoelectric artifacts under various high-pass filters
(from 100 to 1000 Hz) was calculated (Figure S15 ), indicating that
a 500 Hz high-pass filter can effectively inhibit the photoelectric
artifacts to an amplitude comparable to the background noise
level in neural activity recording (more details of the SNR analysis
can be seen in Experimental Section). 

2.4 Awake In Vivo Theta Wave Recordings 

Complex brain or spinal cord functions are underpinned by the
synchronized activities of multiple neurons throughout different 
subregions of the brain. These neuronal ensembles are closely
associated with various brain or spinal rhythmic patterns [ 34–
36 ]. Among these, theta frequency oscillations, predominantly 
ranging from 4 to 10 Hz, are a critical rhythm. Although theta
frequency oscillations are detectable in both hippocampal and 
cortical regions [ 37 ], it has been observed that the strength
of cortical theta oscillations is typically less pronounced when
compared to those in the hippocampus [ 38 ]. 

In this study, we performed an experiment to evaluate the
capability of the mAxialtrode to record layer-crossing neural 
activity by comparing theta oscillations between the cortex and
hippocampus. The concept of the experiment is illustrated in
Figure 5a . We implanted the 15◦-based mAxialtrode into the brain
of a mouse, positioning the bottom three electrodes within the
hippocampal region and the top three electrodes in the cortical
region. The span from the highest to the lowest electrode was
measured to be ∼ 900 µm, with the possibility of exceeding 1 mm.
A representative 10 s segment of the recordings from all eight
electrodes is presented in Figure 5b (full recordings can be found
in Figure S16 ), revealing a high degree of waveform similarity
across the electrodes. Yet, when a band-pass filter (4–10 Hz) was
applied to isolate theta oscillations, a notable difference emerged:
the amplitudes of theta rhythms recorded by the bottom three
electrodes (hippocampus) were consistently higher than those 
captured by the top three electrodes (cortex), as demonstrated in
Figure S17 . This observation was further supported by power spec-
7 of 16
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FIGURE 4 Characterization of the photoelectric artifacts of the mAxialtrode. (a) Schematic representation of the channel number positions in the 
photoelectric artifacts characterization. (b) Temporal relationship between the optical stimulation and the raised photoelectric artifact pulse. (c) The 
recorded electric signal from all eight electrodes under illumination in broadband (1–9000 Hz), local field potential region (0.1–100 Hz), and multi-unit 
activity region (500–9000 Hz). The signals recorded from the upper three electrodes have been highlighted with a blue shadow, while the signals from 

the lower three electrodes have been marked with a red shadow. 
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trum analysis of the recordings from each electrode, illustrated in
Figure 5c . Here, the theta rhythms recorded by the hippocampus-
located electrodes displayed markedly higher power compared to
those recorded by the cortex-located electrodes. This experiment
was performed in n = 4 mice, and consistent depth-dependent
theta power differences between cortical and hippocampal layers
were observed across all animals. This correlation between our
experimental findings and the established literature validates
the utility of our mAxialtrode for layer-crossing neural activity
recording [ 38 ]. After the experiment, the implantation location
was verified through an examination of the acute insertion
footprint (the device was coated with Hoechst dye to serve
as a position marker under microscopic examination before
implantation). Figure 5d reveals the fluorescent imaging of the
tissue damage caused by the mAxialtrode implantation in the
dorsal-ventral direction of the mouse brain. It can be seen that
the insertion footprint penetrated through the cortical layer and
extended into the hippocampal region of the brain. 

2.5 In Vivo Axial Optogenetics and 

Electrophysiology 

Optogenetics stands out for its exceptional cell-type specificity,
providing a powerful means to explore functional connectivity
across various brain regions with precise spatial and neuronal
population selectivity [ 39 ]. The integrated optical waveguide
and electrodes in the mAxialtrodes make it an efficient tool
for optogenetic applications. A proof-of-concept experiment was
conducted to prove its utility in concurrent optical neural activity
stimulation and electrophysiology recordings. 

Video S2 shows an animated rendition of the process of neural
activity recording during an optogenetics experiment with the
proposed mAxialtrode. After ChR2 was expressed in the visual
cortex of a mouse brain, a mAxialtrode with a tip angle of 15◦
was loaded into the brain until the uppermost electrodes (which
correspond to channel 2 in the schematic in Figure 4a ) reached
8 of 16
the surface of the visual cortex (n = 2). Neural activities were
stimulated by delivering blue light from a fiber-coupled LED.
The output power at the tip of the fiber was measured to be
1.4 mW. The frequency and the pulse width were modulated
by an LED driver (frequency: 10 Hz, pulse width: 10 ms), and
TTL pulses from the stimulating signal were synchronized with
the electrophysiology recording via the Intan RHX program. The
representative resultant signals recorded by the eight electrodes 
are presented in Figures S18 and S19 . A high-pass filter (500
Hz) was applied to highlight the light-evoked neural activity,
demonstrating that spikes triggered by optical stimulation can 
be recorded by all integrated electrodes (Figure S20 ). From a
typical 1 s recording illustrated in Figure 6a , the signal from
electrode 6 (Ch6) exhibited a lower amplitude than the rest,
possibly due to its further position away from the opsins (the
virus was injected into the visual cortex). Interestingly, electrodes
at upper positions (Ch1 to Ch3) captured typical tri-phasic
axonal signals, while electrodes at lower positions (Ch6 and Ch7)
recorded multi-unit activities with more complex ‘w’ shapes. 
Among the 6 channels that can record single-unit neural activities
(Ch1–Ch5 and Ch8), we use principal component analysis on
Ch1 (a representative single-unit activity recording channel) 
and found that two distinct spike clusters were identified, as
shown in Figure 6b while Figure 6c displays the superimposition
and average shapes of these two spike types. The spike firing
rate (SFR) was calculated by convolving the spikes’ temporal
locations with a Gaussian kernel (bin size: 0.2 s) as shown in
Figure 6d . The distinct SFRs of the two spike units (Figure 6e )
make it obvious that one of the clusters is strongly related
to the light stimulation (cluster 2 in Figure 6c ), while the
other appeared randomly throughout the recording (cluster 1 
in Figure 6c ). Although the optical properties of brain tissue
differ from those of PBS and may introduce subtle variations
in photoelectric behavior, we did not observe any noticeable
photoelectric artifacts in the neural activity recordings that 
exhibit the characteristic symmetric onset–offset transients seen 
in our PBS characterization. Any residual artifact, if present,
would be extremely small—near the background noise level—
Advanced Science, 2026
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FIGURE 5 Distinguishing the theta rhythms in the cortex and hippocampus using the developed mAxialtrode. (a) Illustration of the experimental 
concept: the mAxialtrode was implanted into the brain of a mouse with the lower three electrodes reaching the hippocampus region and the upper three 
electrodes touching the cortex tissue. (b) The electric signals were recorded by the eight electrodes within 10 s. (c) Power of the recorded theta wave 
by all the eight channels of the mAxialtrodes (electrodes location at the cortex and hippocampus were highlighted with light blue and red shadows, 
respectively). (d) Confocal fluorescent imaging of the insertion footprint in the dorsal-ventral direction of the mouse brain (magnification 10X). 
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and would not affect the accuracy of the neural activity record-
ings. 

The study also investigated the effect of varying light pulse
widths (10, 20, and 50 ms) on the evoked spikes. To do so, the
spikes recorded by the eight channels immediately following light
stimulation were compared (Figure 6f ). It was observed that a
10 ms light pulse evoked spikes with the highest amplitude, and
the average amplitude of spikes collected by the eight electrodes
decreased from 101.55 to 76.71 µV as the pulse width increased
from 10 to 50 ms (Figure S21 and Table S2 ). The results can be
explained through the kinetic model of the ChR2 photocycle,
which involves four kinetic intermediate states (P1, P2, P3, and
P4) [ 40 ]. It is hypothesized that the increase in photocurrents
within the first 10 ms following light stimulation is attributed
to the state transition from P1 to P3, where the open state time
constants for transitions from P1 to P2 and P2 to P3 are 1 and 10
ms, respectively. However, when the duration of the light pulse
exceeds 10 ms and reaches the P4 state, the desensitization leads
 

Advanced Science, 2026

ve
to a reduction in photocurrents due to the inactivation of ChR2
[ 41 ]. 

3 Discussion 

We introduced and developed an implantable neural interface for
layer-crossing interrogation of brain circuits. By integrating the 
proposed mAxialtrode with a 3D-printed biocompatible scaffold, 
our platform enables simultaneous optical stimulation, electro- 
physiological recording, and targeted drug delivery along the 
dorso-ventral (vertical) direction of the brain. 

A key advantage of this interface lies in its structural versatility,
where critical device parameters such as implant diameter, 
optical waveguide dimensions, and the spatial arrangement 
of functional components can be readily tailored to specific
experimental needs. The thermal drawing process allows for 
scalable fabrication of optical waveguides to match standard
9 of 16
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FIGURE 6 Optogenetic stimulation and electrophysiological recording using the mAxialtrode. (a) Neural activity recorded simultaneously from 

eight integrated electrodes in vivo. (b) Principal component analysis of spike data collected from Ch1, identifying two distinct units. (c) Overlay and 
average waveforms of the two spike clusters identified in (b), showing consistent action potential shapes. (d) Spike firing rate recorded by Ch1 during 
blue light stimulation. (e) Spike firing rates of the two principal component analysis (PCA)-sorted units under blue light stimulation, demonstrating 
cluster-specific modulation. (f) Comparison of neural activity waveforms recorded across all eight electrodes during light stimulation with different 
pulse widths (10, 20, 50 ms), showing pulse-dependent response characteristics. 
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patch cable cores, ensuring efficient light coupling. Addition-
ally, by precisely adjusting the cleaving angle of the fiber tip,
the axial distribution of electrodes and microfluidic outlets
can be customized to target distinct neuronal layers or brain
regions. 

Compared with flat-end facet fiber-based implants, the mAx-
ialtrode can not only reduce the tissue compression during
the implantation but also avoid buckling failure to increase
the successful implantation rate [ 42, 43 ]. This is extremely
important for the development of chronic, minimally invasive,
and reliable implants based on compliant materials (such as soft
polymers) [ 44 ]. Furthermore, another important advantage of the
mAxialtrode is its reduced volume compared to flat-end fibers,
which eventually leads to a suppressed inflammatory response in
chronic implantations. 

The capability of the proposed mAxialtrodes in terms of layer-
crossing neural activity recording has been demonstrated through
the differentiation of theta rhythms in the cortical and hippocam-
pal regions of the brain. The theta wave’s power, as recorded
by the upper three electrodes of the mAxialtrode situated in the
cortical region, has a lower intensity compared to that recorded
by the lower three electrodes in the hippocampal region. During
the optogenetics experiment, neural activities were recorded by
all eight electrodes of the fiber-based implant, triggered by pulse
light from an LED for ChR2 stimulation. Although preliminary in
vitro experiments indicated potential photoelectric artifacts in the
low-frequency range on the three electrodes nearest the optical
waveguide’s tip, these artifacts could be effectively eliminated
by employing a high-pass filter during the action potential
recordings. 

In summary, mAxialtrodes overcome the limitation of single-
layer brain neural modulation and recording posed by con-
ventional flat-end optical fibers. Their extended axial distribu-
tion of functional components enables interrogation of neural
dynamics across multiple brain layers or even controlled photo-
pharmacology. The scaffold made from FDA-approved biocom-
patible resin enhances suitability for chronic implantation and
ensures compatibility with standard experimental setups. Future
developments could include wireless control and real-time sens-
ing, advancing the device toward closed-loop neuromodulation
and clinical neurotherapy applications. 

4 Experimental Section 

4.1 Thermal Drawing of the Polymer Optical 
Fibers 

PC and PMMA polymer rods with a diameter of 25 mm were
acquired from Goodfellow UK. The diameter of the PC rod was
reduced to 10 mm by machining, and a central hole with a
diameter of 10.3 mm was drilled in the PMMA rod. Subsequently,
eight hollow channels, each 4 mm in diameter, were drilled
at the alternate end of the PMMA rod using a precision drill
bit (HSCO, EJOT). This assembly, with the PC rod inserted
into the PMMA tube, served as the structured preform for fiber
fabrication. The fibers were drawn using an optical fiber draw
tower facility at DTU Electro. The preform was fixed to the feeding
Advanced Science, 2026
system using a custom metal adaptor and then loaded into the
furnace. The drawing process started after the temperature of the
furnace reached 200◦C, causing the preform to form a drop. The
speed of the feed system was set to 0.2 mm/min, while the fiber
drawing speed was adjusted based on the target fiber diameter.
Throughout the fiber fabrication, a laser diameter gauge was
utilized to continuously monitor and ensure the stability of the
fiber’s diameter, which exhibited minimal fluctuation deviation 
( < 1%) over several hundred meters. 

4.2 Microscope Image and Near-Field Optical 
Profiles 

The PC/PMMA polymer optical fiber was cleaved using stainless
steel blades (EHDIS), and the cross-section images of the fibers
were captured in the transmission mode of a Zeiss Axioscan A1
microscope, equipped with an Axiocam 305 color camera. To
image the output light profile emanating from the PC/PMMA
polymer optical fibers, a customized cage system was built to
facilitate light coupling. Light emitted from a blue LED (M470L4,
Thorlabs) or a red LED (M660L4, Thorlabs) was initially col-
limated through an aspheric lens (AL2520M-A, Thorlabs). The 
path of this collimated light was then adjusted using two
broadband dielectric mirrors (BB1-E02, Thorlabs), each mounted 
on right-angle kinematic mounts (KCB1C/M, Thorlabs). The 
coupling into the fiber was achieved with another aspheric
lens (AL2520M-A). The propagation of light in the core of
PC/PMMA was imaged by a digital microscope (AM7915MZT, 
Dino-Lite). 

4.3 Development of the mAxialtrode Scaffold 

The 3D model of the scaffold was designed using SolidWorks
and subsequently fabricated using a high-resolution 3D printer
(Sonic Mighty 8K, Phrozen), capable of achieving a resolution of
28 µm in the x-y plane (length and width) and 10 µm in the z-axis
(thickness) with masked stereolithography apparatus (MSLA) 
technique. In the printing process, the build plate and resin vat
were first installed in the printer. The Phrozen resin water was
thoroughly mixed and then poured into the resin tank. The 3D
model print file was transferred to the 3D printer via a USB disk
to initiate the printing process. To minimize exposure to excessive
UV light, the printer’s plastic case was kept closed during the
print. The key printing parameters have been optimized as shown
in Figure S3 and Table S1 . Upon completion of printing, the
build plate was removed from the printer. A metal scraper was
then used to carefully detach the printed scaffolds from the build
plate. The scaffolds were subsequently cleaned using Phrozen 
Wash Resin Cleaner and underwent final UV curing in a post-
curing chamber. Remarkably, this printing process allows for the
production of up to 30 scaffolds for design 1 and 16 scaffolds for
design 2 within 1 h. 

4.4 Ray Tracing Simulations and Optical Fiber 
Illumination Map in Brain Tissue 

The simulation of light distribution for optical fibers with varying
tip angles (90◦, 45◦, and 30◦) was conducted using the ray-tracing
11 of 16
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software Zemax-OpticStudio. The layout of the model can be seen
in Figure S6 : the model consisted of two concentric cylinders
representing a step-index optical fiber, with diameters of 200 and
400 µm, respectively. The refractive indices for the inner and
outer cylinders were set at 1.58 [ 45 ] and 1.49 [ 46 ], corresponding
to the properties of PC and PMMA materials. As ferrule patch
cables with a numerical aperture of 0.39 (MR83L01, Thorlabs)
[ 47, 48 ] are commonly used to couple the light from a light
source to the optical waveguide in the probes, accordingly, a
point source with a divergence angle of 23◦ (matching the light
emission angle of a patch cable with an NA of 0.39) and a
wavelength of 470 nm was positioned adjacent to one end of the
fiber in the simulation. Additionally, a homogenous rectangular
volume, representing brain tissue, was placed at the opposite end
of the fiber. The refractive index of the brain tissue volume was
set as 1.36, and its scattering properties were modeled using a
Henyey-Greenstein scattering function with a mean free path of
0.04895 mm, an anisotropy value of 0.9254, and a transmission
of 0.9989 [ 49 ]. The spatial power distribution at the end of
the fiber was recorded by raster scanning a square detector
(dimension: 10 × 10 µm) in the x-z plane. The resulting light
intensity distribution was mapped in MATLAB. An interpolation
algorithm was applied to enhance the resolution of the resultant
image. 

4.5 Fiber Loss Measurement 

The transmission properties of the fabricated fibers were char-
acterized by measuring the propagation loss using the standard
cut-back method. A high-power supercontinuum fiber laser
(SuperK Extreme, NKT Photonics A/S) covering a wide wave-
length range from 400 to 2400 nm was utilized as the light
source. Due to the necessity of high pump power for generating
broadband supercontinuum light, resulting in a total average
power exceeding 5 W, a variable neutral density filter at the
output of the laser was employed to reduce the launch power
to ∼ 100 mW, thereby preventing potential thermal damage to
the end facets of the fiber. In addition, a beam trap (BT610/M,
Thorlabs) was used to safely capture any residual reflected light.
The light from the laser source was then efficiently coupled
into the core of the polymer optical fibers using an achromatic
objective lens with a 10x magnification, and the output trans-
mitted spectrum was measured using a spectrometer (CCS200,
Thorlabs). 

4.6 Impedance Spectroscopy Measurements 

For the electrochemical impedance spectroscopy analysis, a
chemical impedance analyzer (IM3590, Hioki) was employed in a
three-terminal setup. In this configuration, a tungsten microwire,
coiled around a rod, functioned as the counter electrode. An
Ag/AgCl electrode was chosen as the reference electrode, and the
electrodes integrated into the angled tip fiber devices served as the
working electrodes. All electrodes were immersed in a phosphate-
buffered saline (PBS) solution, which acted as the electrolytic
medium. The impedance properties of the fiber devices were then
meticulously measured across a frequency range spanning from
1 Hz to 10 kHz. 
12 of 16
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4.7 Setup for the Pressure Measurement in the 
MCs During Drug Delivery 

The pressure within the drug delivery tube was monitored using a
Wika A-10 pressure gauge, which outputs a current proportional
to the applied pressure. A 250 Ω resistor was employed to convert
the current to a voltage signal, which was then measured by an
Analog Discovery 2 digital oscilloscope with a resolution of 0.005
bar. For liquid pressure testing, the Wika A-10 was mounted onto
the upper face of a custom adapter device, designed and fabricated
by DTU Space Mechanics. One side of the adaptor was connected
to a syringe pump (Harvard Apparatus, PHD 2000), while the
other side was linked to the microfluidic axiotrode. As the syringe
pump generated pressure during drug delivery, the inner chamber
of the adaptor experienced the same pressure as the MC,s which
can be recorded by the integrated pressure gauge. 

4.8 Electrophysiology Recordings 

Electrophysiological data acquisition was conducted using 
the RHS Stim/Recording System from Intan Technologies, 
which comprises an RHS Stim/Recording Headstage, an RHS 
Stim/Recording Controller, and a Stim SPI Interface Cable. The
electrophysiology setup is detailed in Figure S12 . A self-made
adaptor was developed for delivering the electrical signals
from eight pins in the neural interface device to the RHS
stim/recording head stage. All the results can be visualized
by the RHX Data Acquisition Software during the in vivo
experiment. For all the recordings, the sampling rate was set at
20 kHz. 

4.9 Optical Stimulation 

Pulsed light at the wavelength of 470 nm (10Hz) with various
pulse widths for optical stimulation was generated from a fiber-
coupled LED (M470L4, Thorlabs) and driven by an LED driver
(DC2200, Thorlabs) with internal modulation of square wave- 
forms. The power output at the fiber tip was calibrated to 1.4 mW.
For synchronizing the temporal profiles of optical stimulation
pulses with the electrical signals, the LED driver was integrated
with the Intan data acquisition system, enabling cohesive data
communication. Identical optical stimulation parameters were 
employed in both the photoelectric artifact and optogenetic 
experiments to facilitate direct comparison and analysis of the
results. 

4.10 Preparation of the Brain Slices for the 
Illumination Map Characterization 

The procedure to prepare the fixed brain slices presented below
is approved by the Animal Experiments Inspectorate under the
Danish Ministry of Food, Agriculture, and Fisheries, and all
procedures adhere to the European guidelines for the care and
use of laboratory animals, EU directive 2010/63/EU. A C57BL/6
mouse was anesthetized by the intraperitoneal injection of 0.01
mL sodium pentobarbital (50 mg/kg). Once deep anesthesia was
successfully achieved, the chest of the animal was opened in
order to expose the heart. A needle, attached to a peristaltic
Advanced Science, 2026
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pump (minipuls3, Gilson) via a catheter, was carefully inserted
into the left ventricle of the heart before a small incision at the
vena cava inferior was made with fine surgery scissors to serve
as the outlet of the blood during the perfusion. After 30 mL of
1X phosphate-buffered saline and 30 mL 4% paraformaldehyde
(PFA) were perfused in succession, the animal was decapitated
with a guillotine. The brain was dissected out and immersed in
ice-cold 4% paraformaldehyde (PFA). The brain samples were
incubated in PFA overnight and then with 30% sucrose solution
for 2 days. The fixed brain was then cut into slices with a mouse
brain matrix (coronal, 0.5 mm cut, AgnTho’s). To prevent any
movement of the brain during the cutting process, 3% (w/v)
agarose gel was used to fill all the gaps between the stainless steel
matrix and the brain tissue. Brain slices with a thickness of 500
µm were cut to measure the illumination map of the developed
mAxialtrodes. 

4.11 Ethical Approval and Animal Handling for 
In Vivo Experiments 

Animal experiments were conducted according to the United
Kingdom Animal (Scientific Procedures) Act 1986 and approved
by the Animals in Scientific Research Unit at the Home Office.
Animals were housed in a 12 h/12 h dark/light cycle, and food
and water were given ad libitum. The animals were group-
housed prior to headbar surgery, but after this, the animals were
individually housed. 

4.12 Virus Injection 

All the following surgical procedures described were conducted
aseptically. The C57BL/6 mice were anesthetized using isoflurane
(988–3245, Henry Schein), followed by head shaving and skin
disinfection. Then, the heads of the animals were fixed in a
stereotaxic frame (David Kopf Instruments) by ear bars, while
a heating pad was used to maintain their body temperature.
The body of the animal was covered with a sterile drape
to minimize the temperature fluctuation during the surgery.
Viscotears were applied (Bausch + Lomb). Buprenorphine (0.5
mg per/kg, Ceva) and Metacam (15 mg/kg, Boehringer) were
subcutaneously injected for pain relief. After the animal lost its
pedal reflex response, the skin on the top of the head was cut to
expose the skull with a surgical scalpel, and a surgical drill was
used to expose the cortex surface in the left hemisphere of the
mouse brain for virus injection. 1uL of AAV9-pAAV-CaMKIIa-
hChR2(H134R)-EYFP (Addgene) was injected into the visual
cortex (coordinates: anteroposterior: − 2.3 mm, mediolateral: 1.8
mm, dorsoventral: 0.3 and 0.55 mm) using a stereotaxic frame at
the speed of 75 nL/min. 

4.13 Surgeries for Head Bar Attachment 

Following the injection of the virus, a plate was placed on the
surface of the skull for the fixation of the animal’s brain with the
head bar on the Neurostar system during subsequent awake in
vivo experiments. After the skull was cleaned and dried, a small
hole on the left hemisphere of the animal’s head was created
by drilling (RA1 008, Henry Schein) for a metal support screw
Advanced Science, 2026
(00-96 × 3–32, Plastics One). The head plate was attached and
strengthened using Vetbond (1469SB, 3 m ) and dental cement,
respectively, followed by the covering of the skull with silicone
(Kwik-Cast, WPI). Saline was administered prior to recovery or
every 45 min depending on the length of surgery. 

Mice were checked daily to ensure recovery. After at least 5 days of
recovery, habituation was performed by placing the mouse in the
Neurotar frame for increasing periods of time (15–60 min) over
several days. 

4.14 Craniotomy for the mAxialtrode 
Implantation 

A craniotomy was performed on the day of the in vivo experiment.
After the anesthesia using isoflurane and the administration of
pain medication and intramuscular dexamethasone (1 mg/kg, 
intramuscular; 7247104, MSD Animal Health), A large (2 × 2
mm2 ) craniotomy was performed above the somatosensory and 
visual cortex on the left hemisphere. Cold-buffered saline was
continually applied to the craniotomies throughout the experi- 
ment. Then, the exposed dura was covered with buffered saline,
a piece of sterilized Sylgard ( ∼ 200 µm thick), and a silicone layer.
After 2 h, the head of the animal was fixed to the Neurotar frame,
and the craniotomies were exposed by removal of the silicone
and Sylgard layers. The tip of the mAxialtrode was lowered using
a micromanipulator into the visual cortex or the hippocampus
of the animal for neural stimulation or recordings. After the in
vivo experiment (1–2 h), sodium pentobarbital was administered
intraperitoneally to humanely cull the animal prior to extraction
of the brain for post-hoc analysis. 

4.15 Chronic Biocompatibility Evaluation of the 
mAxialtrodes 

An immunohistochemistry experiment was carried out to evalu- 
ate the biocompatibility difference between the mAxialtrodes and 
conventional flat end-facet optical fibers. During probe implanta- 
tion, a stereotaxic robot and drill were used to make two small
holes in the skull in each hemisphere of mice (anterioposterior
− 2 mm, mediolateral 1.5 mm, dorsoventral 2 mm from dura
mater). The mAxialtrodes were implanted in the left hemisphere,
while the fiber with the same diameter but a flat end-facet
was implanted in the right hemisphere. The skull was then
sealed with cyanoacrylate adhesive and dental cement. After the
surgery, the mice were orally treated with buprenorphine (0.2 mg
mixed with 1 g Nutella) every 12 h for three days. Furthermore,
Carprofen (5 mg/kg) was administered subcutaneously every 12 
h for 5 days. The conditions of the animals were monitored 2–3
times per day over the first 3 days and once daily for the following
week. 

Four weeks after the fiber implantation, the mice were perfused,
and their brains were removed, and cryoprotected with the same
procedure as described above when getting brain slices for the
illumination map measurement. A cryostat (CM3050S, Leica) 
was used to slice the brain with a thickness of 50 µm. After being
washed in PBS and preincubated in 0.3% Triton X-100 (PBST)
for 15 min, the slices were then incubated in a blocking solution
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consisting of 3% bovine serum albumin (BSA) for 1 h at 25◦C.
Primary antibodies (1:1000 dilution, rabbit polyclonal, Wako 019–
19741) were applied to the slice for overnight incubation at
4◦C. Afterward, the slices were washed three times with 0.1%
PBST. Then, secondary antibodies (goat anti-rabbit, Alexa Fluor
488, Invitrogen) together with 4’,6-Diamidino-2-Phenylindole,
Dihydrochloride (DAPI, Invitrogen, D1306) were applied at a
concentration of 1:1000. After the incubation in a dark room for
1h at 25◦C, the slices were rewashed three times with 0.1% PBST.
Finally, the glass slides were mounted using DAKO mounting
medium and imaged using a Zeiss Axioscan Z1 microscope ( ×10
magnification). 

Images were loaded at full resolution in Zeiss ZEN software, and
two different square ROIs with a dimension of 500 × 500 µm
centered around the tip of the mAxialtrodes and the flat end-
facet fibers were cropped. After discarding the images found
to be out of focus or presenting too large artifacts, a threshold
was applied to eliminate the signal from out-of-plane cells, and
the maximum pixel value was adjusted to increase contrast. The
analysis of the images was achieved by the Fiji open-source image
processing package, based on ImageJ2. After the marker and
DAPI channels were separated, the mean fluorescence intensity
of the Iba-1 marker was calculated. 

4.16 Data Processing 

The data processing and analysis were performed in the MATLAB
2022b suite. The SNR was calculated by dividing the median
amplitude of all spike events surpassing the threshold by the
threshold value itself [ 33 ]. Here, the threshold for spike detection
was set as [ 50 ]: 

𝑇ℎ 𝑟 = 𝑎∗ 𝑚 𝑒 𝑑 𝑖𝑎 𝑛

( |𝑥|
0 . 6745 

) 

(1)

where | x | represents the amplitude of the high-passed data, and a
represents a factor for different threshold levels. This factor was
set to a = 3 for the standard procedure and was varied between 2
and 4 for an iterative procedure. We use a = 3 in this work. 

PCA was applied to the extracted spike waveforms, with principal
component coefficients obtained using singular value decompo-
sition (SVD). Spike clusters were identified by fitting a Gaussian
mixture model (GMM) to the PCA-transformed data. The GMM
was initialized using the k-means ++ algorithm and employed
diagonal, identical covariance matrices for clustering. 

4.17 Statistical Analysis 

Statistical analyses were performed using MATLAB (R2022b,
MathWorks). Quantitative data are presented as mean ± standard
error of the mean (SEM), unless otherwise stated. Sample sizes
(n) are reported in the corresponding figure legends and refer
to independent biological replicates. For immunohistochemical
analysis of microglial response at the implantation sites, group
differences were evaluated using the Kruskal–Wallis test followed
by post hoc multiple comparisons. A two-sided significance level
of P < 0.05 was considered statistically significant. 
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