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ABSTRACT

Scalable electronic brain implants with long-term stability and low biological perturbation are crucial technologies for high-quality
brain-machine interfaces that can seamlessly access delicate and hard-to-reach regions of the brain. Here, we created “NeuroRoots,” a
biomimetic multi-channel implant with similar dimensions (7 ym wide and 1.5 ym thick), mechanical compliance, and spatial distribution as
axons in the brain. Unlike planar shank implants, these devices consist of a number of individual electrode “roots,” each tendril independent
from the other. A simple microscale delivery approach based on commercially available apparatus minimally perturbs existing neural archi-
tectures during surgery. NeuroRoots enables high density single unit recording from the cerebellum in vitro and in vivo. NeuroRoots also
reliably recorded action potentials in various brain regions for at least 7 weeks during behavioral experiments in freely-moving rats, without
adjustment of electrode position. This minimally invasive axon-like implant design is an important step toward improving the integration
and stability of brain-machine interfacing.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0216979

INTRODUCTION two-dimensional bulky probes to developing electrical implants

Brain machine interfaces (BMIs) are playing an increasingly with higher channel counts, lower tissue damage, and long-term
important role in neurological research,' " clinical treatments, recording stability from a population of neurons, with high reso-
and neural-prosthetics.”” With the advent of powerful signal pro- lution even at the single cell level. Previous generations of bulky,

cessing and data analytics software, the impetus has shifted from stiff electrodes are being replaced by a number of innovative new

AIP Advances 14, 085109 (2024); doi: 10.1063/5.0216979 14, 085109-1
© Author(s) 2024


https://pubs.aip.org/aip/adv
https://doi.org/10.1063/5.0216979
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0216979
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0216979&domain=pdf&date_stamp=2024-August-7
https://doi.org/10.1063/5.0216979
https://orcid.org/0000-0002-2409-7113
https://orcid.org/0000-0002-7328-9533
https://orcid.org/0000-0002-0485-6725
https://orcid.org/0000-0001-7196-2934
https://orcid.org/0000-0002-3849-1699
https://orcid.org/0000-0002-4528-3169
https://orcid.org/0000-0002-8017-7759
https://orcid.org/0000-0003-2482-9828
https://orcid.org/0000-0002-5632-0084
https://orcid.org/0000-0002-8145-747X
https://orcid.org/0000-0002-4582-8501
https://orcid.org/0000-0003-0416-2528
https://orcid.org/0000-0002-2601-1379
mailto:nmelosh@stanford.edu
https://doi.org/10.1063/5.0216979

AIP Advances ARTICLE pubs.aip.org/aip/adv

devices'’""” for lowering tissue damage,'" increasing chronic stabil- To overcome the limitations of planar designs, we sought
ity using ultra-flexible meshes, " flexible arrays”'" " and stretch- inspiration from biological structures and the bundles of myeli-
able electrodes,”' and increasing channel counts.”” > However, nated axons in the white matter that coordinate the communication
achieving the optimal combination of low tissue damage, scalability, between different brain regions. Here, we present axonal bundle
and non-perturbative surgical implantation remains challenging. mimics with similar spatial distribution and design to human axons,
A
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FIG. 1. (a) NeuroRoots overview and assembly. 3D model of the NeuroRoots and the different configurations of the tip. Design 1 and 2 are zoomed-in representations of
the tip with the electrodes organized in 150 and 25 um depth spacing, respectively. A zoomed-in representation of one tetrode-like set of electrodes and the cross-sectional
representation are also presented. Parylene C substrate is represented in light gray and platinum in dark brown. (b) Microscope picture image of the NeuroRoots with Design
1 and Design 2. (c) Assembly method using capillary and surface-tension effects to draw the electrodes onto the microwire. Bottom insets show a microscope picture of the
electrode leads after delamination from the fabrication substrate and after lamination on a substrate. (d) Microscopy showing the electrodes assembled onto electrosharpened
microwires, demonstrating their spacing is set by the initial position in the array.
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which range from 0.5 to 9 ym in diameter,”® can be many centime-

ters in length, and exhibit elastic moduli of roughly 10 kPa.”” These
“NeuroRoots” [Fig. 1(a)] consist of arrays of individual electrodes,
~7 um wide, ~1.5 ym thick, yet centimeters long and organized in
axon-like tendrils. Each electrode has a single, ~10 ym diameter
recording pad at its tip, and is mechanically separate from the other
electrodes, allowing complete flexibility in the number of electrodes
at a given depth while minimizing the electrode width, and thus
damage. This is a significantly different design from arrays of elec-
trodes on a single shank, where the device width must increase
to accommodate more electrodes at the same location. Moreover,
the electrodes described here have similar mechanical flexibility
as myelinated axons, ideally enhancing long-term stability while
lowering immunogenicity.

Herein, we present a strategy to manufacture, assemble, and
implant these ultra-flexible micro-electrodes. Implantation is one
of the key challenges for flexible devices, as they normally are not
stiff enough to penetrate tissue. Often, a polymer stiffening agent or
shuttle is used; however, these produce large devices that can cause
considerable tissue compression and bleeding, despite the functional
device being quite small. To avoid this issue, we use capillary assem-
bly of the NeuroRoots onto an ultra-thin microwire as small as
35 um diameter, which causes very little tissue damage.”® This simple
approach can be used with traditional tetrode surgical apparatus for
spatial targeting and data acquisition and allows the implantation of
32 electrodes with a footprint below 40 ym in diameter. Surgeries can
be performed through small boreholes rather than full craniotomies
and within a reasonable timeframe. NeuroRoots devices provided
stable chronic recordings in deep-brain regions of freely-behaving
rats with minimal variation in the signal over a period of 7 weeks.
In addition, single-units were recorded from the cerebellum both
in vitro and in vivo, which is—to our knowledge—the first report of
flexible multielectrode array recordings in this region of the brain.

RESULTS AND DISCUSSION
Fabrication and electrical performance

The design of NeuroRoots [Fig. 1(a)] consists of independent
polymer/metal/polymer “roots,” with thin leads connecting exposed
recording pads at the tips to larger pads at the proximal end that
can be further connected to standard acquisition systems. The spe-
cific device sizes, number of electrodes, and electrode materials were
readily varied using standard photolithography and etching tech-
niques. Parylene-C (PaC), a flexible and biocompatible polymer, was
chosen as a substrate and insulator to encapsulate platinum (Pt) film
used as a conductive layer. In a typical preparation, the cross-section
of the device was measured to be 1.5 ym thick, which includes both
layers of PaC (0.75 um each) and the layer of Pt of 100 ym [Fig. 1(a):
cross-section]. The leads were 7 ym wide with 10 or 15 ym circular
electrode pads at the end, where a window in the upper PaC layer
was opened to expose the bare Pt metal. Parylene C is about 40 times
stiffer than a human axon with a Young modulus of 400 kPa, though,
because of its geometrical thickness and dimensions, NeuroRoots
exhibit a bending stiffness equivalent to a human axon of 3 ym in
diameter (Fig. S1).

The electrode configuration was organized into clusters of
tetrodes [Fig. 1(a)] and the spatial distribution of the leads could
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be varied depending on the desired locations of the electrodes in
the tissue, as the insertion process preserved the relative position of
each electrode. Two different organizations of the 32 electrodes at
the tip of the implants were prepared, either distributed over 600 yum
[Fig. 1(a): Design 1] or densely packed into a layer of 100 ym in
longitudinal depth [Fig. 1(a): Design 2]. In an alternative design,
the electrodes were coated with poly(3,4-ethylenedioxythiophene)-
poly(styrene sulfonate) (PEDOT:PSS) and had a rectangular shape
with a width of the lead and a length up to 100 um (Fig. S2).
Importantly, unlike conventional shank electrodes, the NeuroRoots
recording pad distribution does not have to be uniform and could
for instance have several regions of ultra-dense sampling up to
~5x the current state-of-the-art,”” or a sparse sampling over large
distances. This could be advantageous for studying local neural
architecture””’ or dynamics and plasticity in behaving animals
under different brain or behavioral states.”!

The rough Pt or PEDOT-PSS pads at each tip provided low
impedance electrodes. For example, the 15 ym diameter Pt elec-
trodes exhibited an average impedance of 40 kQ) at 1 kHz, that is, a
specific impedance of 55 Q ym (Fig. S3). This is more than an order
of magnitude lower than the impedance of smooth noble metal elec-
trodes and comparable to electrodes of similar surface-area coated
with a thin layer of PEDOT:PSS.** As a direct comparison, a typical
wire used in a tetrode exhibits the same electrode surface area but an
average impedance of 300 kQ.

Assembly

A critical challenge for these and other very soft electrodes is
insertion into the brain due to their fragility and lack of mechani-
cal stiffness. Previous research has shown that compliant electrodes
can be inserted using mechanical shuttles,® stiffening agents,”*”
or syringes.'® However, standard shuttles for a planar array of the
NeuroRoots would be hundreds of micrometers wide and cause sig-
nificant damage. Instead, we developed an electrode self-assembly
method using capillarity to organize large arrays of NeuroRoots onto
a microwire as small as 35 ym in diameter, which in turn pro-
vides mechanical support to allow implantation, yet with minimal
damage.”*”’

A capillary assembly method controllably immobilized the
roots over the surface of the microwire with the same vertical
distribution as the original lithographic pattern [Fig. 1(b)]. First,
NeuroRoots were soaked in deionized (DI) water following the
microfabrication process, allowing the implant to detach from the
substrate [Fig. 1(c)]. PaC exhibits a high interfacial energy with
water,” which allowed the film to unfold and float at the air/liquid
interface in its initial configuration. Second, a tungsten microwire
was brought into contact with the implant at an ~45° angle, and
floating electrodes were lifted by allowing surface tension to draw
the NeuroRoots onto the microwire surface while being withdrawn
from the liquid [Fig. 1(c)]. By capillarity, a small amount of aqueous
solution would coat the microwire and offer a preferred energetic
solution. Note that these floating electrodes could be transferred
onto a variety of materials and devices, including flexible plastics,
glass optical-fiber, or shaped silicon if desired.”” Critically, capil-
lary forces and surface tension directed all of the individual leads
of the NeuroRoots to self-assemble onto the microwire, despite the
leads initially spanning nearly ten times the width of the microwire
[Fig. 1(c)]. The floating electrodes were handled by the connector
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1/0O, which avoided damaging the roots themselves and offered a
macroscopic handle for the implant.

In order to allow the NeuroRoots to controllably desorb from
the microelectrode after implantation, we included a small con-
centration of bio-soluble, inert polymer in the capillary assembly
solution. We found that using a mixture of low molecular weight
polyethylene glycol (PEG) in DI water could provide a release time
frame between 2 and 10 min, depending on the PEG concentration.
To minimize the device footprint, we used microwires as small as
35 ym diameter and electro-sharpened the tip down to a few 100 nm
[Fig. 1(d)]. Once assembled, the electrode bundle cross-section was
measured to ~38 ym, which is less than the size of a single tetrode,
yet with eight times the recording capacity, and less than half the size
of a single Utah array shank (80 um in diameter’), a Michigan stan-
dard probe (125-50 yum™!), or even the ultra-thin silicon Neuropixel
probe (70 pm wide x 20 pm thick??).

Implantation

The NeuroRoots were then implanted using standard surgical
apparatus developed for tetrode devices, which often use wire elec-
trodes. A borehole of ~2 mm? in size was prepared and the electrodes
were inserted at a speed of ~1.5 mm/s. Once inserted into the region
of interest, the microwire was retracted [Fig. 2(b)], leaving the roots
distributed according to their original length [Fig. 2(d)]. In addition,
X-ray microtomography (uCT) was used to image larger devices
(100 ym wide) and validate successful delivery and placement of
the NeuroRoots in vivo [Fig. 2(c)]. Using this approach, we could
accurately implant the electrodes while keeping a surgical footprint
as low as 38 ym [Fig. 4(c)], thereby reducing local bleeding, com-
pression, and force necessary to puncture the brain surface, which
is crucial to mitigate both initial damage and chronic tissue inflam-
mation.”” Histology revealed very little activation of microglia and
reactive astrocyte around the implants (Fig. S4).

An additional advantage of this implantation strategy is the
reduced risk of mechanical failure after insertion compared with
rigid implants, which can account for up to 50% of all failure
modes.*’ After the microwire removal, the implant was provided
with additional mechanical slack by lowering the Z axis of the stereo-
taxic frame by ~500 ym before sealing the implant to the skull.
This allowed for the decoupling of the direct mechanical constraint
between the implant and the brain, which is under constant micro-
motion.** Over the course of a total of 12 rodent surgeries, we
did not observe any acute or chronic mechanical failure for the
NeuroRoots.

Chronic apparatus

The base of a Neuralynx “Halo 18” was used as a starting plat-
form to make the system compatible with commercially available
electrophysiology and behavioral rigs, thus minimally impacting the
surgery and recording procedures [Fig. 2(a)]. A guide system was
engineered to interface the NeuroRoots microelectrode and enable
a precise alignment of the microwire, compatible with targeting
using the standard stereotaxic approach [Fig. 2(a)]. The Neuro-
Roots were connected to either an RHS2000 (Intan Technology) or
a “EIB 72” (Neuralynx) through a custom-designed Printed Circuit
Board (PCB) and a Zero Insertion Force (ZIF) connector. The entire
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platform was then securely assembled into a 3D-printed scaffold hat
with only the tip of the implant protruding. The weight of the final
device was measured to be 8 g, which is <2% of an adult rat weight.”
Our demonstration was done using only 32 channels, which was
largely limited by the bulkiness of currently available connectors.
As new headstage and connection technologies emerge, the unique
form factor of NeuroRoots will allow for scaling up the number
of channels to a few hundred without dramatically increasing the
implant footprint. For example, a 10-fold increase in channel count
(320 electrodes) increases the diameter of the implant by a factor
of two (60 ym in diameter), which is still quite small compared to
current Michigan or Utah style devices.

Chronic recordings

We demonstrated chronic recording of the NeuroRoots in adult
rats, freely moving in a maze equipped with infrared video tracking
and automated reward systems [Fig. 3(c)]. We targeted the Neu-
roRoots into the CAl region of the hippocampus in both acute
and chronic experiments in fully-grown rats. The raw signal exhib-
ited a high signal-to-noise ratio (SNR) of 4.1, which allowed for
clear identification of different types of activity and action potentials
(APs) across the different channels [Fig. 3(a)]. Adjacent electrodes
did not exhibit cross-talk, which validated that the geometry used
[Fig. 1(a): Design 1] did not oversample the neural region [Fig. 3(a)].
Recordings exhibited characteristic Local Field Potentials (LFPs)
with downstate and spindle (12-16 Hz) characteristics of cortical
activity [Fig. 3(a)] as well as putative spikes from pyramidal neu-
rons with an average spike width of 500 us followed by a long-lasting
hyperpolarization [Fig. 3(a)]. APs could be observed within a few
minutes after surgery, suggesting that the implantation damage was
low enough to preserve spontaneous activity from the pre-existing
neural tissue around the probe. This is supported by the short recov-
ery period needed, as sortable APs could be observed on all channels
on our first experiment four days post-surgery.

Spike averaging into bins of 1 ms centered around sortable
spikes revealed a variety of distinct extracellular spike waveforms
spread along 32 channels of NeuroRoots [Fig. 3(b)]. Analysis of
these waveforms distinguished between two distinct types of activ-
ity: neurons with ~1 ms spikes and 50 pV amplitude [Fig. 3(b)] and
interneurons characterized by a short spike width (<1 ms) followed
by a shorter hyperpolarization period.

We then evaluated the stability of the electrical coupling of
the NeuroRoots with the brain by comparing the APs recorded by
the same set of electrodes over a period of 7 weeks without any
adjustment of the electrodes or electronics [Fig. 3(b)]. The sim-
ilarity of APs recorded on the same electrodes suggests that the
NeuroRoots formed a stable interface with the surrounding neurons.
While the shape of the AP was highly consistent, the absolute mag-
nitude varied slightly from week to week [Fig. 3(b)]. This variation
was non-monotonic, sometimes increasing or decreasing over time,
suggesting it likely arose from natural remodeling near the neuron.*

In order to assess whether these were likely to be the same
neurons over time, we performed cell sorting using unsupervised
clustering and Principal Component Analysis (PCA) (Fig. S5). The
result over the seven weeks showed minimal shifts of the clus-
ter center on the same electrode, equivalent to 0.61 ¢ between the
first and last dates, comparable with previously reported chronic
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FIG. 2. (a) Apparatus for chronic recordings in freely moving rats. A picture of a rat 4 days post-surgery. The implant connector is protected by a cap on top of the scaffold
presented on the right. The 3D exploded-view shows the main parts that compose the NeuroRoots platform. Left pictures show the adaptor and the NeuroRoots assembled
before insertion and a zoomed-in picture of the guiding system with the NeuroRoots assembled onto the microwire. (b) Implantation strategy of the NeuroRoots into deep-brain
regions. The assembled microwire and NeuroRoots are implanted into the desired brain region through a 3D printed scaffold hat (left). Once the NeuroRoots are released,
the microwire is removed, leaving only the electrodes implanted into the brain tissue (right). (c) X-ray microtomography scanning showing the electrode distribution after
implantation using PEDOT:PSS based devices. (d) Microscope image of a NeuroRoots placed onto a brain slice of cell CA1 of the hippocampus for scale. The electrodes of
10 um in diameter are similar in size to neuron soma (Cresy! violet staining).
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FIG. 3. (a) Representative recordings of raw traces. (i) Two seconds recording of six consecutive channels. Scale: 200 ms. (i) Zoomed-in view of the blue box presented in
(i) shows characteristic activity while the green zoomed-in green box show the activity of a neighbor electrode. Scale: 10 ms. (iii) Action potential of a hippocampal neuron
recorded during the acute experiment. Scale: 0.5 SD and 1 ms. (b) Cluster stability assessment during the chronic experiment. (i) Representative APs of the same neuron and
interneuron over the 7 weeks of the experiment. Scale neuron: 15 ¢V, 1 ms, interneuron 15 4V, and 0.2 ms. (ii) Overlay of averaged APs corresponding to a cluster tracked
over 7 weeks. Scale: 4 SD and 0.5 ms. Each cluster corresponds to a different electrode. Each color is representative of recordings from a different week as describes in the
colored legend. (c) Behavioral analysis. (i) Animal trajectories in gray on a double Y-Maze (1.4 x 1.2 m?). Spikes from an example cell overlaid in red. (ii) Estimated firing
fields for the same cell; warmer color indicates increased firing activity.
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FIG. 4. (a) Microscope image of NeuroRoots implanted into a cerebellar slice. (b) In vitro recordings from a cerebellar slice. Typical activity of the 32 channels during
recordings. Each trace is (—270; 200] #V and 1 s. (C) Microscope image of the histological slice with the NeuroRoots footprint measured at 38 um in diameter. (d) In vivo
recordings in the cerebellum. Typical activity from 4 electrodes after off-line processing, scale bar 100 xV, 4 ms. A typical single unit extracted from one of the channels
during in vivo recordings is presented on the right. Red and blue colors correspond to two distinct single units and the bold line represents the averaged activity of the spike
collected. Scale bar: 200 4V and 0.2 ms.
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recordings using ultra-flexible electrodes.'* Together with the con-
sistent signal shape between the different dates, this suggests that
the waveforms were generated by the same neuron. Last, the analy-
sis of the signal-to-noise ratio (SNR) for all 32 channels between the
first and the last recording dates showed a remarkable stability, with
<3.1% variation around the average. This indicates that the firing
neurons remained in close proximity to the electrode for the entire
duration, and that the electrode did not undergo any detectable
degradation or movement.

We monitored the position of the rat moving within a double
Y-Maze and compiled a comparative map of positions vs firing rate
[Fig. 3(c)]. Animal trajectories are represented in gray and spikes
from an example cell are overlaid in red. Spatial firing fields were
estimated for each cell, which allows us to determine if the cell exhib-
ited any spatial selectivity. The maximum firing rate recorded was
1.02 spikes/s, which—although too low to indicate the monitoring
of a cell selective for position—demonstrates the compatibility of the
NeuroRoots platform with measurements of interest in behavioral
experiments.

Recordings in the cerebellum

The cerebellum is an anatomically crystalline, highly
multimodal structure, receiving and integrating inputs from
multiple sensory modalities.”® These modalities include vestibular,
somatosensory, and visual information for controlling the timing
and pattern of muscle activation during movement, which is vital
for coordination, dexterity, and maintaining equilibrium,”” and
is therefore important for high-performance neuroprosthetics.
Yet the cerebellum’s composition of densely packed neurons with
high firing rates has made large scale recording from populations
of isolated cerebellar neurons challenging. Because of this limi-
tation, most studies have focused on acute recordings of single
Purkinje cells using single micro-electrodes, with a few examples of
recordings using small arrays of rigid metal or glass electrodes.”*
Calcium imaging provides an alternative approach for recording
populations of cerebellar neurons;’' " however, this method lacks
the temporal resolution necessary to analyze the rapid neural
dynamics underlying some of the precise motor skills supported by
the cerebellum.

After implantation, NeuroRoots were able to successfully
record from neurons in the cerebellum in both in vitro slice prepa-
rations and in vivo in anesthetized mice. We first implanted Neuro-
Roots (Design 2) into a slice, specifically in the lobule IV/V of the
cerebellar vermis [Fig. 4(a)] and recorded single units immediately
after insertion. The signal quality allowed us to clearly identify and
collect spikes on 31 of the 32 channels [Fig. 4(b)]. Furthermore, we
implanted NeuroRoots into the cerebellum in vivo. Acute record-
ings show clear spikes of ~1 ms duration and ~200 ¢V amplitude
[Fig. 4(d)]. Further analysis identified distinct APs with ~1 ms dura-
tion and amplitudes between ~150 and ~400 yV [Fig. 4(d) and PCA
available in Fig. S6].

Histological analysis confirmed the electrode position in the
molecular layer as well as the remarkably low footprint measured at
38 ym in diameter after the implant retraction [Fig. 4(c)]. This tech-
nology extends the current state-of-the-art” by providing a flexible,
high-density, and customizable multielectrode array with superior
recording resolution. We foresee that by optimizing the electrode
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density, 3D configuration, and electrode pad size, the NeuroRoots
will enable unprecedented sampling of all cerebellar neuronal types,
including the granule cell population.

CONCLUSIONS

In this work, we introduce bio-mimetic NeuroRoots electrodes
with similar size, flexibility, and distribution as axon bundles in
the brain. We demonstrate the implantation of a dense distribu-
tion of 32 of these electrodes into the brains of freely moving rats
with minimal damage and long-term stable integration within the
tissue. Stable neural recordings were made over seven weeks dur-
ing complex behavioral tasks with freely-moving rats. Moreover, we
leverage the NeuroRoots’ small footprint and reduced surgical dam-
age to access the cerebellum, one of the densest regions of the brain,
demonstrating high quality recordings of single units both in vitro
and in vivo. The combination of scalability, low damage, stable sin-
gle unit recording, and ready integration with existing surgical and
recording equipment makes NeuroRoots a promising candidate for
basic neuroscience experiments and clinical applications.

MATERIALS AND METHODS
Probe fabrication and preparation

Fabrication and patterning of PaC and PEDOT:PSS based elec-
trodes were discussed in previous publications.”” In brief, PaC was
deposited to a thickness of 1.5 pm (SCS Labcoater 2). A-174 Silane
and a dilute solution of industrial cleaner (Micro-90) were used as
an adhesion promoter and anti-adhesion, respectively. The film was
patterned using a 150 nm thick layer of germanium and dry etched
by a plasma reactive-ion etching process (500 W, 50 SCCM O,
for 5 min) (P5000 etcher), followed by an immersion into deion-
ized water in order to dissolve the metallic mask. A lift-off resist
(Shipley LOR2000) was used to pattern metal pads and interconnects
(Ti 10 nm/Pt 150 nm). Exposure was performed using an ASML
stepper (ASML PAS 550). For the devices with PEDOT:PSS coat-
ings, a PaC peel-off step to pattern the PEDOT:PSS was used.’®
Impedance measurements of the electrodes were performed in vitro
using 1x Phosphate Buffer Solution (PBS) and an Ag/AgCl reference
wire.

Shuttle microwire preparation and assembly
with a guiding system

Microwires were prepared using a technique previously
reported.” Briefly, a 2M KOH was prepared using dices (Fischer)
in deionized water. Tungsten wire (Goodfellow USA) was slid into
a 100 ym inner-diameter polyimide tubing (NeuraLynx), leaving
several centimeters protruding on each side. Microwires were then
electrosharpened using a 2 V DC bias against an Ag/AgCl refer-
ence electrode. The protruding length of the microwire was then
adjusted, and the other extremity was sealed to the polyimide tubing
to prevent sliding of the microwire.

Animal surgery for chronic recordings

All procedures and animal care were approved by the Insti-
tutional Animal Care and Use Committee at Stanford Univer-
sity School of Medicine. Two adult Long Evans male rats aged
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3-4 months and weighing 400-500 g were used in this study
(Charles River Laboratories). In typical procedures, we performed a
2.5 x 2.5 mm? craniotomy (-3.6 mm AP and —2.2 mm ML from
Bregma) and removed the dura mater. The device mounted into
the 3D printed hat was vertically mounted on a micromanipulator
(Model 963, Kopf Instruments) and positioned above the cran-
iotomy hole. As the device traveled downward, the protruding tip
penetrated the neural tissue. Once the neural probe reached the
desired depth and the time of release was achieved, the shuttle
microwire was retracted. The exposed surrounding tissue was cov-
ered with Kwik-Sil (World Precision Instruments), and the hat was
secured to the rodent’s skull using standard procedures with initial
layers of Metabond and dental cement.

uCT imaging

Three dimensional computerized X-ray tomography images
were performed to image NeuroRoots devices with PEDOT:PSS
coated electrodes implanted 3 mm deep into a rat brain. Implan-
tation of the NeuroRoots device was performed immediately fol-
lowing the extraction of the brain of a rat using a 100 ym dia-
meter microwire as a shuttle. The sample was then immersed in
a fixative solution (2% formaldehyde) for 6 days before imaging.
Images were taken using a Zeiss Versa 510 (80 kV excitation volt-
age and 7 W power). Image processing was done with the associated
Zeiss software and care was taken to ensure feature dimensions in
the yCT images were consistent with measurements from optical
microscopy.

Histological sample preparation
Chronic experiments

Animals were transcardially perfused first with saline, and
then with 150 ml of fixative solution containing 4% PFA in 0.1IM
phosphate buffer (PB). Tissue blocks were cut horizontally on a
Vibratome (Leica VT1200S, Leica Microsystems, France) into 40 ym
sections after extensive washes in PB, and glial fibrillary acidic pro-
tein (GFAP) staining was used [ GFAP Monoclonal Antibody (GA5),
Alexa Fluor 488, Thermofisher, France]. Sections were mounted
on Super-Frost slides and covered with a mounting medium con-
taining 2-(4-amidinophenyl)-1H-indole-6-carboxamidine (DAPI)
(Flouromount Mounting Medium with DAPI, Abcam, UK).

Cerebellar slice preparation for physiology
experiments

Cerebellar axial sections of 70 ym thickness were made at
—15 to 20 °C using a cryostat (Leica CM 1860) and an optimal cut-
ting temperature compound. For cryoprotection, the brain tissue
was equilibrated in 30% sucrose solution in 1x PBS at 4 °C prior
to sectioning. The slices were collected as free-floating sections in
1x PBS with 0.05% sodium azide and stored at 4 °C.

Data acquisition and processing

Data were collected using either a Digital Lynx SX acquisi-
tion system (NeuraLynx, Inc.) or an RHS2000 (Intan Technology).
Local field potential signals were collected for the 32 channels
and locally amplified with an active headstage device (HS-72-QC,
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NeuraLynx, Inc.). Signals were sampled at 32 kHz. The head-
stage further provided positional information through mounted
LEDs that were tracked via an overhead camera. Chronic LFPs
and APs were recorded either in open field or in a double Y-Maze
(14 x 1.2 m?) during normal behavior or trained tasks. The data
were analyzed using MATLAB (MathWorks). Spike detection was
achieved through the following processing steps: filtering of the data
with a bandpass filter set to 600-7000 Hz, Principal Component
Analysis (PCA), and k-means clustering. From the threshold anal-
ysis of each individual channel, 1 ms events were extracted, centered
around each peak. The PCA features were then computed, and the
data were projected onto the ten largest components to generate the
feature vectors. Subsequently, k-means clustering, an unsupervised
learning method, was applied, with k ranging from 2 to 4. Through
manual curation, each cluster was consolidated over time. The two
largest PCA components of the first recorded date of the cluster
were used as the basis vectors. For each date, the cluster points were
projected onto the basis vectors, and a multivariate Gaussian distri-
bution was subsequently fitted. We used the Mahalanobis distance
of the mean of the distribution of the week 7 to the distribution of
week 1 to calculate the variance of the PCA centers. The signal-to-
noise ratio (SNR) for each channel was computed by dividing the
average spike amplitude by its corresponding noise level. The noise
level is estimated as the median (|V|])/0.6745.

Cerebellum recordings and analysis
Slice experiments

Mice (~1-month-old C57Bl/6]) were anesthetized using isoflu-
rane (1%-3%), decapitated, and their brains were extracted and
sliced in ice-cold artificial cerebrospinal fluid (ACSF bubbled with
95% O, and 5% CO, to maintain pH at 7.3; osmolality 323 mOsm).
Parasagittal cerebellar vermis slices of 400 ym thickness were cut
using a VT 1200 Vibratome (Leica) and were incubated in ACSF
at 37°C for 45 min before conducting electrophysiology experi-
ments. NeuroRoots were mounted onto the micromanipulator (Sut-
ter Instruments) and visually guided to the slice by an upright
microscope (Zeiss Axioscope 2 fs). The recordings were obtained
using a RHS2000 (Intan Technology), and the signals were sampled
at 30 kHz.

Acute in vivo cerebellar recording

Prior to surgery, the mice received a subcutaneous injection of
carprofen (5-10 mg/kg). Mice were then anesthetized using isoflu-
rane. An incision was made to expose the interparietal and occipital
areas of the skull, and a craniotomy (~2 mm in diameter centered
~1.5 mm right of the midline) was performed to expose the cerebel-
lum. Each channel was filtered using a fifth order band pass Butter-
worth filter with cutoff frequencies of 140 and 2000 Hz. Spike sorting
was conducted offline using Plexon Offline Sorter (Plexon Inc.)
using template matching in combination with principle component
visualization.

SUPPLEMENTARY MATERIAL

The supplementary material encompasses Figure S1: Calcu-
lation of bending stiffness of the NeuroRoots compared to a
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myelinated axon of 3 um diameter. To have equivalent bending stift-
ness, the Neuroroot would need to be 1.3 um thick, compared to the
measured thickness of 1.5 um. Figure S2: Microscope image of the
tip of the PEDOT:PSS version of the NeuroRoots. The inset shows
the 100 um long electrode sites coated with PEDOT:PSS (green/blue
color). Figure S3: Electrical impedance of the NeuroRoot electrodes,
showing <100 kQ impedance at 1000 Hz for all devices. Figure S4:
Histological evaluation of NeuroRoots along the insertion trajec-
tory. Histological verification of a 90-days-post-implantated, large
PEDOT:PSS coated NeuroRoots implanted with a 100 um diameter
microwire. High magnification images show horizontal cross sec-
tions of the tissue response around the (i) tip of the implant and in
the hippocampus (ii) along the trajectory of the implant in the cor-
tical region above the hippocampus. GFAP staining (green) shows
reactive astrocytes 90 days post-implantation, whereas DAPI (blue)
labels cell nuclei in the neural tissue. Thin white arrows show tis-
sue reaction (GFAP), whereas bold white arrow show the pyramidal
layer of the hippocampus. Scale bar: 100 pum. Figure S5: Principal
Component Analysis of one electrode cluster for a chronic in vivo
experiment. The dots are the centers of the principal components.
Ovals are the 20 contour of the PC distribution. Colors code the time
stamps the data were extracted from. Each color is representative of
recordings from a different week, as described in the colored legend
of Fig. 3. Figure S6: Principal Component Analysis of the cerebellum
units that were shown in Fig. 4(d).
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