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Abstract
Objective. Neural electrophysiology is often conducted with traditional, rigid depth probes.
The mechanical mismatch between these probes and soft brain tissue is unfavorable for tissue
interfacing. Making probes compliant can improve biocompatibility, but as a consequence,
they become more difficult to insert into the brain. Therefore, new methods for inserting
compliant neural probes must be developed. Approach. Here, we present a new bioresorbable
shuttle based on the hydrolytically degradable poly(vinyl alcohol) (PVA) and poly(lactic-co-
glycolic acid) (PLGA). We show how to fabricate the PVA/PLGA shuttles on flexible and
thin parylene probes. The method consists of PDMS molding used to fabricate a PVA shuttle
aligned with the probe and to also impart a sharp tip necessary for piercing brain tissue. The
PVA shuttle is then dip-coated with PLGA to create a bi-layered shuttle. Main results. While
single layered PVA shuttles are able to penetrate agarose brain models, only limited depths
were achieved and repositioning was not possible due to the fast degradation. We demonstrate
that a bilayered approach incorporating a slower dissolving PLGA layer prolongs degradation
and enables facile insertion for at least several millimeters depth. Impedances of electrodes
before and after shuttle preparation were characterized and showed that careful deposition of
PLGA is required to maintain low impedance. Facilitated by the shuttles, compliant parylene
probes were also successfully implanted into anaesthetized mice and enabled the recording of
high quality local field potentials. Significance. This work thereby presents a solution towards
addressing a key challenge of implanting compliant neural probes using a two polymer
system. PVA and PLGA are polymers with properties ideal for translation: commercially
available, biocompatible with FDA-approved uses and bioresorbable. By presenting new
ways to implant compliant neural probes, we can begin to fully evaluate their chronic
biocompatibility and performance compared to traditional, rigid electronics.
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BY

of the Creative Commons Attribution 3.0 licence. Any further
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Introduction

Neural depth probes are neural interfaces designed to record
neural activities and are used to help researchers understand
the complex electrochemical mechanisms inside the brain.
Many researchers require long-term, stable recordings, yet
irreversible brain damage and complete loss of recording func-
tion are unpreventable consequences when using traditional
depth probes [1, 2]. These traditional depth probes are made
of silicon or metal, which are rigid materials that have elastic
moduli above 100GPa [1, 2]. In contrast, the brain is a very
soft tissue with a modulus ranging from 0.1 to 10 kPa [2, 3].
Mechanical mismatch as large as 7 orders of magnitude leads
to irreversible tissue damage and eventual electrode failure in
months to at most a couple of years after implantation due to
the glial response [3, 4].

To improve the long-term function of depth probes, more
compliantprobeshavebeeninvestigated withpromisingresults
[4]. Compliant probes are either made of softer materials and/
or by making the materials significantly thinner. Examples
include polymers, such as polyimide [5, 6], parylene-C
[7-9] and polydimethylsiloxane (PDMS) [10], hydrogels
[11, 12], carbon nanotubes [13, 14], graphene [15] and sil-
icon nanomembranes [16, 17]. However, the use of more
compliant materials results in a more complicated surgical
insertion of the depth probe [4]. Most flexible probes are
unable to penetrate the brain without buckling and a tem-
porary insertion system is necessary to place the probe at
the desired location inside the brain. Solutions to tackle
this include the use of a stiff shuttle which is removed after
implantation (needle, wire, silicon shank) [18-20], the use
of a microfluidic system which guides and physically assists
the probe into the brain [21], and the use of a stiff shuttle that
is not removed but loses its rigidity, dissolves or degrades
inside the brain with time [22-30]. Due to the tissue trauma
caused when implanting and retreating needles, wires or sil-
icon shanks, we focused our work on bioresorbable polymer
shuttles. Such shuttles do not require any surgical removal as
they are broken down and excreted or resorbed in the body
[31, 32]. Thus, at the end the flexible probe is left behind
while the mechanically stiff shuttle diminishes on its own,
which is a very promising solution to improve the long-term
function of neural interfaces.

Various bioresorbable polymers have been reported to
facilitate insertion of flexible depth probes into the brain [4].
The polymer polyethylene glycol (PEG) initially showed
sufficient stiffness and fast degradation rates for this appli-
cation [22, 23]. Another promising material is silk because
of the suitable mechanical stiffness for brain penetration,
potentially enabling fabrication of smaller devices which

consequently induce less brain damage [23]. Yet, the slow
degradation and uninvestigated long-term biocompatibility
of silk are concerning drawbacks [33]. Other natural poly-
mers have also been shown to successfully penetrate brain
tissue (like cellulose and maltose [24, 25, 30] or gelatin
[26]), but the properties of these polymers cannot be as
easily tuned as synthetic polymers. From the synthetic poly-
mers investigated for this application, tyrosine-derived poly-
carbonate showed great results [28, 29, 34]. This polymer
is initially stiff and degrades within 2h after implantation.
However, the polymer is not commercially available as it is
synthesized in-lab. Other options should therefore be inves-
tigated to find an easier solution to insert a flexible neural
probe.

In this work, we focused on utilizing synthetic and com-
mercially available polymers for the fabrication of biode-
gradable neural probe shuttles. Here, we provide a bi-layered
solution to facilitate the penetration of a flexible parylene
probe into the brain using two distinct bioresorbable poly-
mers, poly(vinyl alcohol) (PVA) and poly(lactic-co-glycolic)
acid (PLGA). Besides the benefit of being commercially
available with many different properties (molecular weight,
polymer ratio, etc...), PVA and PLGA are both used in FDA
approved applications [35-40], making them even more
attractive for this work. In brief, we report on the fabrication
of the PVA/PLGA-shuttled parylene probes, the mechanical
and electrical characterization of these probes, as well as their
implantation in toto and in vivo, resulting in successful acute
neural recordings.

Materials and methods

Probe fabrication

The fabrication process of our flexible probes includes the
deposition and patterning of parylene-C (for simplicity, from
now on named ‘parylene’), chromium, gold and PEDOT:PSS
films, as previously reported [9]. Briefly, parylene was depos-
ited on a glass wafer with an approximate thickness of 2 um
using an SCS Labcoater 2. Two layers of photoresist, LOR
(MicroChemicals) and S1813 (Shipley), were spin-coated
on the parylene film. LOR was spun at 3000 rpm for 40s and
baked at 200 °C for 1 min. S1813 was spun at 5000 rpm for
40s and baked at 115 °C for 2 min. The layers were exposed to
UV-light (96 mJ cm~?) using an SUSS MJB4 contact aligner
and developed using MF 26 developer. The wafer was plasma
treated for 1 min at 100 W with O, using a reactive ion etcher
(Oxford 80 plus plasma etcher). Then, a thin layer of 10nm
of chromium was deposited in a metal evaporator (Alliance
Concept EVA450) to improve the adhesion of gold, which
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was deposited next with a final thickness of 100nm. Lift-off
was performed leaving the wafer overnight in NMP (Sigma-
Aldrich). Two layers of parylene were subsequently depos-
ited, one as insulation layer and one as sacrificial layer during
a later peel-off technique. A layer of 2% soap was added in
between. The insulation layer was patterned with the probe
outline, using AZ9260 spun at 3000rpm for 40s, baked at
110 °C for 2min, exposed (65-90 mJ.cm~2), developed in
AZ developer for 4min and etched for 8 min at 400 W with
50sccm O, and 5sccm CHF;. The same was done after the
sacrificial parylene layer was added to etch away the parylene
at the microelectrode sites. Next, the PEDOT:PSS solution
was prepared adding 5% (v/v) of ethylene glycol, 0.5 ul
ml~! of dodecyl benzene sulfonic acid (DBSA) and 1 wt% of
3-glycidoxypropyltrimethoxy-silane (GOPS) to the aqueous
dispersion (PH 1000 from H.C. Stark). This PEDOT:PSS
solution was spin-coated twice, once at 3000rpm and once
at 1500rpm. A baking of 1min was done in between both
steps at 90 °C. The sacrificial parylene layer was peeled-
off and the films were baked at 140 °C for 1h. Before the
packaging, the probes were immersed in deionized water to
remove any excess low molecular weight compounds inside
the PEDOT:PSS film. Finally, the probes were removed from
the wafer and zero insertion force (ZIF) cables (Mouser
Electronics) were attached with anisotropic conductive film
(ACF) using an APR-5000-DZ soldering machine. The fabri-
cated flexible parylene probes were designed with an insertion
tip of 3mm long and 180 pm wide, containing six microelec-
trodes, each with an active area of 14 pum in diameter, and
located at 90 pm distance from each other (center-to-center).

Bioresorbable PVA/PLGA shuttle fabrication

The fabrication of PVA/PLGA shuttles was performed on the
backside of the flexible parylene probes. First, PDMS molds
were made using epoxy-based negative photoresist SU8. SUS
2075 (Microchemicals) was deposited on a cleaned glass
wafer and spun at 500rpm for 10s and 1000 rpm for 30s for a
final SUS thickness of ~200 pm. Next, a soft bake at 65 °C and
95 °C for 7 and 45 min was performed, followed by UV expo-
sure (SUSS MJB4 contact aligner, including an i-line filter,
350 mJ cm~2) and a post exposure bake of 5 and 15 min. After
development in SU8 developer (Microchemicals) for 17 min,
the glass wafer was wrapped in aluminum to form a dish and
PDMS (1:10 of base:curing agent, Sigma-Aldrich) was depos-
ited and cured in the oven at 70 °C overnight. The PDMS layer
was then gently peeled-off from the wafer and the molds were
ready for use. The next step was the alignment of a parylene
probe into a PDMS mold. The probe with attached ZIF cable
was placed into the mold with the electrode sites downwards.
The mold was 100 pm wider than the actual probe to facilitate
the alignment, which means that the width of the shuttle is 380
pm while the length remained the same. PVA (Sigma Aldrich,
CAS number: 26780-50-7; 10000 g mol ') was dissolved at
20 w/v in water by heating up the mixture for at least 1h at
90 °C. The dissolved PVA was drop-casted onto the backside
of the probe inside the mold and subsequently blade coated.

This complex was left in the oven for 15min at 70 °C to
slowly evaporate the water. A second PVA coating was done
and again left in the oven for another 30 min. Next, the probe
with PVA shuttle were removed from the mold with tweezers.
To coat the tip with PLGA, the backside of the probe (i.e.
the opposite side of the electrode side) was dipped into a 25
wv% PLGA (Sigma aldrich, CAS number: 9002-89-5; with a
lactide:glycolide ratio of 65:35) acetone solution, unless men-
tioned otherwise. For the coating procedure, a small micro-
tube (Sigma Aldrich, 1 ml) containing the PLGA solution was
tilted to approximatively 50° to bring the solution to the walls
of the tube. With the probe held with tweezers, the probe was
manually lowered onto the solution on the side walls of the
microtube. After 5s in contact with the solution, the probe tip
was lifted and removed from the microtube. The acetone sol-
vent evaporated fast at room temperature (RT) and the PVA/
PLGA-shuttled parylene probe was ready for use.

PVA/PLGA-shuttled probe characterization

The thicknesses of PVA-shuttled probes and PVA/PLGA-
shuttled probes were estimated using scanning electron
microscopy (SEM) images and ImageJ. The thicknesses were
calculated by taking into account the tilt of the imaged probes.
The average thicknesses of PVA-shuttled probes and PVA/
PLGA-shuttled probes were 82 +9 ym (n =5) and 88 £+ 8
pm (n = 3), respectively. Since PLGA is a slow degradable
polymer, the amount of PLGA that would be present in the
brain was evaluated by measuring the added weight on PVA
shuttles after PLGA coating (Denver Instrument balance). The
average PLGA mass on the tip was estimated at 17.5 + 8.9 ug
(n=10).

Dissolution testing

The speed of dissolution was evaluated by dissolving PVA
shuttles and PVA/PLGA shuttles in artificial cerebrospinal
fluid (ACSF). Probe tips were first fixed at the base of the
tip inside a 12 well-plate (Falcon™) using kapton tape. The
well-plate was then fixed inside the microscope holder and
the temperature inside the microscope chamber was set at
37 °C. In the meantime, ACSF was filtered through a 0.8 ym
polytetrafluoroethylene (PFTE) filter and warmed up to 37 °C
in a water bath before deposition. The dissolution of the shut-
tles was video recorded with a Zeiss microscope (Zeiss Axio
Observer Z1). The time of dissolution started at the moment
the tip was completely immersed in 1 ml ACSF and the video
recording continued until the shuttle had been dissolved or
until the first 3min of immersion. The probe tips, which had
not dissolved by that time, were kept immersed in ACSF and
were stored in an incubator at 37 °C. Additional pictures were
taken to evaluate any change in physical appearance in time
due to further dissolution.

Note that besides PVA/PLGA-shuttled probes, also stand-
alone PVA and PVA/PLGA shuttles were fabricated for
characterization (i.e. without the inclusion of valuable par-
ylene probes). These shuttles were fabricated as mentioned
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before, yet without the initial alignment of parylene probes
before polymer deposition. Since PVA would be exposed
more without the inclusion of the parylene probe from one
side, these shuttles were completely immersed in the PLGA
solution (i.e. both front- and backside), unlike previously
mentioned.

Insertion testing

Agarose gels were used as brain model to first evaluate the
mechanical strength of PVA and PVA/PLGA shuttles. Agarose
gels were prepared at 0.6% w/w agarose in water and auto-
claved at 121 °C for 20 min in 24 well-plates (Falcon™). The
agarose gels were used as brain models and were kept wet
with a few drops of water while stored in the fridge at 4 °C.
During penetration tests, a microscope (Zeiss Axio Observer
Z1) was used to visualize and record the horizontal penetration
of the PVA/PLGA shuttles into the agarose models. Moreover,
Coomassie blue was added to the solution of PVA during fab-
rication to improve the visualization of shuttle penetration.
The shuttles were mounted onto a micromanipulator stage
and manually inserted at the estimated speed of 0.3mm s~
Before continuing with in vivo experiments, the mechanical
strength of the PVA/PLGA shuttled probes was also evaluated
during insertion tests in extracted brain tissue (the reader is
referred to the supplementary information, supporting video 5
(stacks.iop.org/INE/15/065001/mmedia)).

Electrical characterization

Impedance measurements were performed with a potentiostat
(Autolab PGSTAT128N) in a three electrode configuration.
The reference, counter and working electrode were a Ag/AgCl
electrode, a Pt electrode and the depth probe, respectively. The
characterization was done with probes that were fully coated
(i.e. both front side and back side of the probes) with PLGA.
The change in electrode impedance is investigated during
for four weeks to study the influence of polymer degradation
on electrode impedance. Measurements were performed in
Dulbecco phosphate-buffered saline (DPBS) by applying a 10
mV root mean square sine wave with frequencies varied loga-
rithmically from 1 Hz to 100kHz. The average impedances
are presented as mean £ SD.

Mouse surgery

All experiments were conducted in accordance with Aix-
Marseille Université and Inserm Institutional Animal Care and
Use Committee guidelines. The protocol was approved by the
French Ministry of National Education, Superior Teaching,
and Research, approval number 01451-02. All surgical proce-
dures were performed under anesthesia and every effort was
made to minimize suffering.

Adult male C57 (n=15) mice were used for the in vivo
experiments. Mice were housed in a 12h light/dark cycle with
food and water available ad libitum. Mice were initially anesthe-
tized with an intraperitoneal injection of a mixture of ketamine/

xylazine (ketamine, 100mg kg~ !; xylazine, 10mg kg~ !) and
additional doses were given if needed. Mice were head-fixed
in a stereotaxic frame (Kopf). After a subcutaneous injection
of ropivacaine, a craniotomy was made (from bregma) 1.0mm
anteroposterior and 1.2mm mediolateral. The dura mater
was removed, and PVA/PLGA-shuttled probes were lowered
into the cortex between 1.8 to 2.8 mm from the brain surface
reaching the deep layers of the cortex or the hippocampus. Up
to 4 probes were tested per animal to be in line with the 3R’s
rule of animal ethics. When using multiple probes, a different
insertion point at the surface of the cortex was chosen for each
probe. The exact speed of insertion was not measured, however
based on the insertion time and the depth which were reached,

the estimated speed of insertion is 0.2mm s~

Acute recordings

Extracellular signals were amplified (1000x), bandpass fil-
tered (0.1 Hz or 1 Hz to 5kHz) and acquired continuously at
32kHz with a Digital Lynx system (NeuraLynx). Raw data
were preprocessed using NEUROSUITE [40] and the signals
were downsampled to 1250 Hz for the local field potential
(LFP) analysis, which was performed using custom-written
MATLAB (MathWorks) scripts.

LFP signal analysis

To estimate the baseline quality of the LFP measurements,
the Root Mean Square (RMS, with the MATLAB built-in
RMS function) value of short epochs of baseline were com-
puted during the less excitable and low network activity state
(‘Down State’) of the anesthesia-induced slow oscillations
[41]. The Down State epochs were visually identified as
moments of flat baseline and tagged in the Neuroscope soft-
ware. Epochs of 10-50ms were tagged approximately every
second (the slow oscillations having a ~1 Hz frequency) for
3 min, from the moment the parylene probe reached its final
position in the brain.

Power spectra of short LFP periods (4s) were performed
on pre-whitened LFPs and computed between 0.1 and 1000
Hz using a modified version of the multi-taper FFT MATLAB
package by Mitra and Pesaran [42]: FFT window size of s,
three to five tapers, frequency bins = 0.15 Hz, no overlap
between successive windows, time bandwidth = 3 [42, 43].

Histology and immunocytochemistry

After the acute recordings, the mice were injected with a
lethal dose of pentobarbital Na (150mg kg~!, i.p.) and per-
fused intracardially with 4% paraformaldehyde solution in
0.1 M phosphate buffer (PB), pH 7.4. The brains were
removed and post-fixed at 4 °C overnight. They were then
rinsed in PB and sliced into 40 yzm or 60 pm thick coronal sec-
tions by a Vibratome (Leica). The position of the electrodes
was confirmed histologically on Cresyl Violet Nissl stained
sections (NeuroTrace 500/525 Green Fluorescent Nissl Stain,
Thermofisher).
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Figure 1. Fabrication of probes. (a) Photograph of a parylene-C probe which is held up and stiffened with a bioresorbable PVA-PLGA
shuttle. Inset: a flexible probe without the bioresorbable shuttle that curls upon removal for fabrication substrate. (b) Schematic of the
fabrication process of the bioresorbable shuttle. (Step 1) Alignment of ZIF-attached probe in PDMS mold. (Step 2) Deposition of a 20 w/v
PVA/water solution. (Step 3) Blade-casting the PVA solution. (Step 4) Removal of probe from the mold after an oven treatment of 45 min.
(Step 5) Dip-coating the PVA-shuttled probe into a 25 wt% PLGA (65:35) acetone solution. (Step 6) Fast evaporation of the acetone from
the tip, which results in a PVA/PLGA-shuttled probe. (c) A phase contrast image and (d) SEM image of a PVA/PLGA-shuttled probe. The
white dash lines show the boundary of the parylene probe within the bioresorbable polymer shuttle.

Results and discussion

Our flexible depth probes were made of parylene, containing
metal microelectrodes coated with conducting polymer
poly(3,4-ethylenedioxythio-phene):poly(styrene-sulfonate)
(PEDOT:PSS). The probe fabrication was reported earlier
[9]. Briefly, it involves the patterning of parylene, gold and
PEDOT:PSS via photolithography and parylene peel-off. The
microelectrodes are coated with PEDOT:PSS to lower the
impedance and obtain a better signal-to-noise ratio during in
vivo recordings [44, 45].

The bioresorbable PVA/PLGA shuttle was then fabri-
cated on the backside of the probe to rigidify the overall
flexible device. Before polymer deposition, a ZIF cable was
first attached to the parylene probe as temperatures above
the melting temperatures of the polymers are applied during
attachment of the cable. Without the bioresorbable polymer
support, the parylene probe curled and was difficult to handle
being only 4 pm thin (Inset, figure 1(a)). The main function
of the polymer coating was to add rigidity to the probe, which
kept the probe straight as illustrated in figure 1(a). In order
to apply the polymer coating, the probe was first aligned
into a PDMS mold with the microelectrodes facing the mold
(figure 1(b), Step 1). Then, a 20 w/v PVA solution was depos-
ited on the back-side of the probe followed by blade-casting
(figure 1(b), Step 2-3). The device was subsequently placed
in the oven with the mold for at least 15 min to homogenously
remove the solvent from the polymer solution. A second depo-
sition was performed and again dried in the oven for another
30min. This protocol is thereby different from prior molding
work [23, 29], during which the bioresorbable polymers were
dried under ambient conditions. The latter process is time
consuming and, in our environmental conditions, resulted in
curled tips. In contrast, the oven procedure resulted in straight
tips. Once the PVA was dry, the probe was taken up with twee-
zers (Step 4) and dipped with the backside of the probe into a

25 wt% PLGA (65:35) acetone solution (Step 5). The acetone
quickly evaporates (Step 6) and the final result is a bi-layered
PVA/PLGA-shuttled probe with a width of 380 um (figure
1(c)). A sharp tip was achieved and the probes were of an
average thickness of 88 + 8 ym (n = 3) (figure 1(d)).

The use of two different bioresorbable polymers as shuttle
material was necessary to enable insertion of flexible depth
probes into a wet brain. This was evaluated with dissolution
experiments of the probe tips immersed in ACSF at 37 °C and
with insertion testing using a 0.6% agarose brain model and
complete hippocampal tissues for penetration. As shown in
figure 2(a), the PVA shuttle completely dissolved within 30s
after immersion, thereby losing rigidity (supporting video
1). With the addition of PLGA, the dissolution of the PVA
polymer was slowed down (figure 2(b)). Unlike PVA and
other hydrolytically degrading polymers, PLGA degrades
slowly through bulk erosion as shown both in vitro and in vivo
[36, 46]. This degradation type is not as common as surface
erosion under hydrolytically degradable polymers [47]. It’s
what makes PLGA so attractive for this application: it does
not immediately dissolve when in contact with a wet sur-
rounding. The polymer is mentioned as the most investigated
biodegradable polymers [31]. It showed tunable biodegrad-
able properties and excellent biocompatible characteristics
which resulted in multiple FDA approved medical uses, like in
sutures, drug delivery devices and tissue engineering [31, 40].
In this work, the addition of a thin layer of PLGA (estimated
at 6 ym using SEM) resulted in a delayed interaction of water
with PVA and slows down shuttle dissolution. We believe that
once water permeates through the PLGA layer, PVA starts
to dissolve slowly and diffuses out of the PLGA layer. The
PLGA layer remains nevertheless intact, at least for more than
a month in ACSF at 37 °C (supplementary figure 1). Along
with the dissolution of PVA from the shuttle, we observed that
the parylene probe became compliant again after several min-
utes of immersion (supporting video 2).
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a
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Figure 2. Dissolution and insertion characteristics of probes. (a) Snapshots of the dissolution of a PVA-shuttle at different times during

immersion of the tip in ACSF at 37 °C. The PVA shuttle starts dissolving within 5s. The diffuse borders indicate dissolving polymer. The
shuttle is almost completely dissolved after 30s. (b) Snapshots of the immersion of a PVA/PLGA-shuttled probe tip in ACSF at 37 °C. The
PLGA/PVA shuttle does not seem to change in time, unlike the PVA shuttle. No visible dissolution is observed and the tip remains intact
for more than 3 min. (c) Microscope images showing the penetration of a PVA shuttle tip into a wet agarose brain model. A blue dye was
added to the PVA solution before fabrication of the shuttle to better visualize the penetration. The boundary of the brain model is indicated
with a black dashed line and the times after penetration are indicated in the upper right corners. The PVA shuttle clearly penetrated the
brain model with an estimated penetration speed of 0.3mm s~'. The dissolution of the PVA started nevertheless immediately when placed
in contact with the wet brain model. Almost 1 min after the placement of the PVA shuttle inside the brain, the tip was dissolved and thus
not well connected anymore to the part which was not in contact with the wet brain. (d) Microscope images showing the penetration of a
PVA/PLGA shuttle into the wet brain model at the same penetration speed of 0.3 mm s~!. During penetration, an air bubble got trapped

in between the agarose and shuttle. This occasionally happened, but it did not seem to affect the penetration. Unlike PVA shuttles, the tip
of the PVA/PLGA shuttle could be completely retreated. The tip seemed slightly less blue and blue residue was seen within the agarose
brain model (encircled with black dashed lines). This shows the partial dissolution of PVA, which diffused out of the PLGA layer during

penetration.

Although the PVA shuttles showed sufficient stiffness
to penetrate the brain model, the fast dissolution made it
difficult to place the probe at its desired depth before dis-
solution (figure 2(c) and supporting video 3). PVA shuttles
were colored blue during the insertion tests by the addition
of a dye to improve the visualization of the probe penetra-
tion. Since PVA shuttles started dissolving within 5s when
placed in contact with an aqueous solution (figure 2(a)), brain
insertion was no longer possible. In contrast, the PVA/PLGA
shuttle was easily inserted into the brain model (figure 2(d)).
The blue color inside the agarose model after retracting the
shuttle clearly showed that some PVA had already dissolved
during this first penetration. Besides slowing down the dis-
solution of PVA, the additional benefit of adding PLGA was
that it enabled multiple brain penetrations with the same probe

(supporting video 4). Repositioning of depth probes inside the
brain was sometimes needed to reposition the probe if the
initial location was not close enough to firing neurons. This
again shows the great benefit of PLGA, not only does it delay
the dissolution with the addition of approximately 18 ug of
PLGA on the tip, it maintains also the necessary rigidity of
the shuttle to penetrate a brain multiple times. Finally, probe
penetration has also been confirmed in complete hippocampal
preparations (supporting video 5).

The difference in degradation speeds with this bi-layered
polymer shuttle could especially be beneficial for future
additions of anti-inflammatory drugs to improve the biocom-
patibility of implanted neural probes. PVA and PLGA have
been used for fast (seconds) [37, 39] and slow [48, 49] drug
delivery, respectively, and offer opportunities for tunable
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Figure 3. Electrical characterization of probes. (a)—(d) SEM pictures of (a) a PVA-shuttled probe, (b) a clean probe after 10 min immersion
of the PVA-shuttled probe in saline, (c) a PVA/PLGA-shuttled probe and (d) the same PVA/PLGA-shuttled probe still covered in polymer
after 10 min of immersion in saline. Note that the PVA/PLGA shuttled probes for electrical characterization are fully coated with PLGA, i.e.
both front- and backside of the probe, to study the influence of polymer degradation on electrode impedance. While PVA quickly dissolves
and leaves behind a clean probe, PVA/PLGA remains present on the probe and the microelectrodes 10 min after immersion. (e) The average
impedances of the investigated electrodes before polymer deposition are illustrated with straight lines (red, PVA batch; blue, PVA-PLGA
batch). The change in average impedance at 1 kHz as function of time during the immersion of PVA and PVA/PLGA shuttled probes in
saline is shown by the red and blue curves, respectively. The dashed lines below and above the average impedance represent the minimum
and maximum values of the measured values. Between the daily measurements, the probes were incubated at 37 °C in saline. A fast change
in electrode impedance is observed for PVA shuttled probes, with the restoration of its original (i.e. before PVA deposition) low impedance
after 10 min of immersion (n = 5 electrodes) when the PVA is dissolved. The addition of PLGA on both the front- and backside of the
PVA-shuttled probes prevents the fast dissolution, yet also significantly slows down the restoration of the low impedances of the electrodes
(min 1-10: n = 4 electrodes; day 1-7: n = 12 electrodes; week 2—4: n = 10 electrodes). This is explained by the coverage of PVA/PLGA
on the microelectrodes. A decreasing trend is nevertheless observed. While only a few electrodes (3 out of 12, n = 12) showed impedances

below a 100 k2 after a week, more electrodes (6 out of 10, n = 10) dropped back to this lower value after four weeks in saline.

release profiles from hours to months [36, 49] to tackle both
acute and chronic inflammation.

Before evaluating the electrical characteristics of the PVA/
PLGA shuttled probes, the presence of the polymers on top
of the electrodes was investigated using scanning electron
microscopy (SEM). Despite all care taken and placing the
probe upside down in the mold during deposition of PVA, the
microelectrodes of the probes were inevitably covered by a
thin layer of polymer (figure 3(a)). The outline of the probe
within the shuttle was visible, yet covered with polymer.
Nevertheless, immersion of the PVA-shuttled probes into a
saline solution for 10 min caused complete dissolution of the
shuttle, leaving behind a clean parylene probe (figure 3(b)).
Also, the addition of PLGA to the PVA-shuttled probes occa-
sionally covered a part of the front side of the probe (figure
3(c), with PLGA colored in green), despite efforts to dip-coat
solely the backside of the probe tip. To investigate the effect on
the presence of PLGA when covering the electrodes, a PVA-
shuttled probe was fully coated with PLGA, i.e. covering both

front- and backside of the probe. When placing this probe into
a saline solution for 10min, it remained completely covered
with polymer (figure 3(d)).

Manually dip-coating the backside of the micrometer
scaled probe with PLGA remained challenging, yet the varia-
bility in thickness of the coating remained small. While PVA-
shuttled probes were of a thickness of 82 £9 ym (n =5),
PVA/PLGA shuttled probes showed a thickness of 88 £ 8
pm (n = 3). There is a variability of approximately 10 pm in
the thickness of PLGA shuttles, which is similar to the varia-
tion in the PVA-shuttled probes. The variability of the PLGA
coating is therefore assumed marginal when compared to the
coating approach of the PVA-shuttle.

Electrical impedance characterization was performed next to
investigate the influence of the bioresorbable polymers when
covering the microelectrodes on the frontside of the probe.
The presence of PVA did not seem to interfere with the low
impedance of the PEDOT:PSS-coated probes. Before deposi-
tion of the polymer on the probes, the average impedance was
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Figure 4. In vivo characterization of probes. (a) Picture of a probe lowered in the craniotomy performed in an anesthetized mouse. (b) Nissl
staining of a 60 pm brain section showing the trajectory (black arrowheads) of an implanted probe through the cortex and reaching the CA1
region of the hippocampus (yellow arrowhead). Bar = 250 um. (c¢) Recorded data showing LFPs measurements of 5 recording sites of the
probe showed in (b). Note the increased quality of the LFP signals recorded with time after the probe insertion, revealing the dissolution of
the PVA polymer. The LFP traces are arranged according to the probe sites layout (tip = bottom).

41.5 + 6.4 kQ2 (n = 13 electrodes) at 1kHz in saline solution.
The impedance at that particular frequency was investigated as
it is the maximum frequency of electrophysiological signals.
Figure 3(e) shows the change in average (red trace), the min-
imum and maximum values (red dashed lines) of the measured
impedance at 1kHz after the addition of the PVA shuttle as
a function of immersion time. The impedance was measured
every minute from five electrodes (n =35) on five different
probes. The graph shows that the impedances decreased to
their originally low values (i.e. before deposition) within those
10 min. The min/max became more narrow within that period of
time. Of all the 13 investigated electrodes on those five probes,
an average impedance of 73.0 4 144.5 k) (n = 13) at 1kHz
was observed after more than 10 min of immersion. The slightly
larger mean and standard deviation were possibly caused by
some remaining PVA residue present at the time of measure-
ment. Overall, the low impedance of PVA-shuttled probes was
restored only 10min after immersion. This corresponds to the
dissolution time required to obtain uncovered electrodes.

In contrast, a PVA/PLGA coating covering the electrodes
slowed down the restoration of the originally low impedance
of the electrodes on the flexible probes. Note that the PLGA
coating on the probes for electrical characterization is done
on both the front- and backside of the probe to investigate the
influence of polymer degradation on electrode impedance. The
impedance of three electrodes (n = 3) on three different probes
was analyzed during immersion of the PVA/PLGA-shuttled
probes in saline. The change in average impedance, minimal
and maximum are also shown in figure 3(e) (blue traces, from
min 1 to min 10). Unlike observed with PVA shuttles, the
impedances of these probes did not decrease to their original

value after 10min. The coverage of PLGA on the microelec-
trodes most definitely played a role. The exception to this trend
was observed on an electrode of a PVA/PLGA-shuttled probe
with PLGA coating on only the backside of the probe (supple-
mentary figure 2). A week after continuous immersion in saline
and incubation at 37 °C of the three probes, a gradual decrease
in impedance was observed in the electrodes tested (figure 3(e),
blue trace from day 1 to day 7). While an average impedance
of 34.2 + 21.7 k) (n = 12 electrodes) before the deposition of
PVA/PLGA was observed, this changed to 3697.2 £ 2799.9 k)
after an hour and to 730.4 £ 558.7 k(2 after a week of immer-
sion (supplementary table 1). At the end of one week, three of
the 12 electrodes had an impedance below 100 k€2 (ideal for
single unit activity) and nine had an impedance below 2 M2
(ideal for local field potentials—LFP—recordings).

When further evaluating the change in impedance of the
PVA/PLGA coated electrodes for several weeks, the imped-
ance decreased even more (figure 3(e), blue trace from day 7
to week 4). After four weeks in a saline solution, the average
impedance showed to be 117.9 £ 130.7 k2 (n =10 elec-
trodes). At the end, six out of the ten electrodes had an imped-
ance below 100 k€2 and four had an impedance below 500 k2.
The impedance clearly depended on the degradation of PLGA
which was covering the electrodes. PVA/PLGA shuttled probes
for in vivo recordings were therefore coated with PLGA on the
backside of the probe. Nevertheless, it should be noted that
electrode impedance is not the only factor determining signal
quality [50, 51]. It is more likely that material and biological
failures, like material degradation and the occurrence of for-
eign body response, cause a decrease in signal amplitude [50].
It was however not in the scope of this paper to investigate this.
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The fabrication process did yield some bent probes. The
cause of bending is most likely due to their sensitivity to
humidity at ambient conditions and can generally be pre-
vented by keeping the shuttled-probe inside the PDMS mold
until surgery. Bent probes showed poor penetration in the
agarose brain models (supplementary figure 3). Due to these
penetration challenges, only straight probes were selected for
in vivo penetration and recording experiments.

PVA/PLGA-shuttled probes were successfully inserted
into in vivo anaesthetized mice brains (n = 8 probes). An
example of a penetrated probe inside the brain is shown in
figure 4(a). The trajectory of the probe is shown with a Nissl
staining of the brain tissue after fixation of the tissue (figure
4(b)). As shown in the figure, the probe penetrated through
the cortex and reached the CA1 region of the hippocampus. A
penetration depth of more than 1 millimeter was thus achieved
with the bioresorbable shuttle in vivo.

Acute in vivo measurements were subsequently performed
with the inserted probes and resulted in the recording of LFPs
(figure 4(c)). Initially, the LFP baseline showed more noise,
but tens of seconds after insertion, as the PVA dissolved, this
noise reduced to yield an improved signal. This was quantified
by computing for each active channel the Root Mean Square
(RMS) of the baseline (supplementary figure 4 (n = 11) and
supplementary figure 5(a) (n = 5)). A few seconds after probe
insertion, LFP traces displayed high RMS values, corre-
sponding to contamination by 50 Hz and high-frequency elec-
trical noise (as revealed by the power spectra of the LFPs,
supplementary figure 4(b)). The RMS value of these traces
rapidly decreased in time, yielding uncontaminated and high-
quality LFPs. After 2min, high signal-to-noise LFPs were
observed at all the recording sites.

In these acute measurements, we demonstrated that very
high quality LFP recordings were achieved by using a biore-
sorbable polymer shuttle to insert flexible probes into the
brain. Long-term measurements are needed in order to validate
this approach for chronic applications such as brain-machine
interfaces. In particular, chronic recordings would be useful to
examine changes in impedance and if single action potentials
can be recorded since we know the polymer shuttle will con-
tinue to degrade in vivo past the 10min presented here. Other
valuable future work includes the evaluation of the chronic for-
eign body response and gliosis, as well as acute tissue damage
resulting from different flexible probe insertion methods, such
as using microwires [20] or silicon shanks [18] as shuttles, com-
pared to the biodegradable PVA/PLGA shuttles presented here.

Conclusion

The use of more compliant neural probes requires an addi-
tional insertion method to penetrate the brain and place the
devices at a precise location. To this end, we present a new
bioresorbable polymer shuttle made of the synthetic polymers
PVA and PLGA on a flexible parylene-based depth probe.
While the rigid PVA shuttle provided the necessary stiffness
to penetrate the brain, the added PLGA coating prevented the
fast dissolution of PVA to allow insertion several millimeters

deep into the brains of mice. We further showed that the PVA/
PLGA shuttles did not affect the electrical properties of the
probe, unless PLGA was left covering the microelectrodes on
the probes, and demonstrated the recording of high quality
LFPs in anaesthetized mice. This work shows great promise to
interface the soft brain with compliant depth probes for chronic
use and improved biocompatibility. A potential further benefit
of this approach would be the delivery of anti-inflammatory
drugs through the dissolvable shuttle to minimize inflamma-
tion at the brain-electrode interface. In summary, a bilayered,
bioresorbable shuttle strategy was successfully used to deliver
compliant probes to deep brain tissue sites and to yield high
quality electrophysiological recordings in vivo.
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