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Abstract

Intracortical microelectrodes (IMEs) can be used to restore motor and sensory function as a part
of brain—computer interfaces in individuals with neuromusculoskeletal disorders. However, the
neuroinflammatory response to IMEs can result in their premature failure, leading to reduced
therapeutic efficacy. Mechanically-adaptive, resveratrol-eluting (MARE) neural probes target
two mechanisms believed to contribute to the neuroinflammatory response by reducing the
mechanical mismatch between the brain tissue and device, as well as locally delivering an
antioxidant therapeutic. To create the mechanically-adaptive substrate, a dispersion, casting, and
evaporation method is used, followed by a microfabrication process to integrate functional
recording electrodes on the material. Resveratrol release experiments were completed to
generate a resveratrol release profile and demonstrated that the MARE probes are capable of
long-term controlled release. Additionally, our results showed that resveratrol can be degraded
by laser-micromachining, an important consideration for future device fabrication. Finally, the
electrodes were shown to have a suitable impedance for single-unit neural recording and could
record single units in vivo.

Supplementary material for this article is available online
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1. Introduction

Spinal cord injury and neurodegenerative disorders such as
Parkinson’s disease are debilitating neurological conditions
that can result in loss of motor and sensory function, lead-
ing to a reduced quality of life [1-5]. Intracortical micro-
electrodes (IMEs), as part of a brain—computer interface sys-
tem, can aid in restoring function through functional electrical
stimulation [6-8]. In addition, IMEs facilitate in brain map-
ping and neuroscience research. Unfortunately, IMEs typic-
ally show reduced recording and stimulation performance over
time, leading to failure within weeks to months after implant-
ation [9-12]. Reduced performance and eventual failure can
result in reduced therapeutic efficacy of the brain—computer
interface system. Therefore, improving IME longevity in vivo
is critical.

A primary mode of IME failure results from a chronic
neuroinflammatory response following implantation of the
device. Initial implantation causes vascular injury, comprom-
ising the blood-brain barrier and allowing macrophages,
monocytes, and blood proteins to enter the brain [9, 13—
16]. Additionally, resident immune cells of the brain, such as
microglia and astrocytes, are activated and recruited to the
implant site. Inflammatory-activated enzymatic reactions in
reactive microglia and macrophages can generate increased
concentrations of reactive oxygen species (ROS), leading to
oxidative stress in the local tissue [17]. Oxidative stress can
further perpetuate neuroinflammation by positive feedback,
resulting in higher ROS concentrations [18, 19]. ROS can also
cause oxidation and corrosion of the electrode contacts, as well
as delamination of the insulation layer [20-22]. Furthermore,
ROS can oxidize nucleic acids, lipids, and proteins, facilitating
collateral cell death, especially in neurons [23, 24].

At a chronic time point, reactive astrocytes form a glial
scar, walling off the implant site from the healthy brain tis-
sue, including neurons [25]. Micromotion at the device-tissue
interface can result in increased differential strain due to
mechanical mismatch, further exacerbating the astrocytic scar
around the implant [26-28]. As glial encapsulation occurs, the
impedance of the tissue increases, while neurons are driven
away or die off, making it increasingly difficult to record single
units [29-31].

Utilizing techniques to target the oxidative stress and mech-
anical mismatch can help lead to improved IME integra-
tion [32]. Delivery of therapeutics with antioxidant and anti-
inflammatory properties such as curcumin and resveratrol
reduce oxidative stress and neuroinflammatory markers [33—
40]. Additionally, compliant structural materials such as ‘soft’
polymers reduce mechanical mismatch and resulting neuroin-
flammation compared to stiff materials like silicon or glass
[41-43]. Although employing local antioxidant delivery and
compliant materials have shown improvement in the histolo-
gical markers of neuroinflammation, their effect on recording
performance has not been demonstrated, mainly due to micro-
fabrication limitations.

Local drug delivery from implanted systems facilitates the
delivery of the appropriate therapeutic dose directly to the tar-
get tissue. Local delivery also prevents side effects associated

with systemic delivery, such as off-target effects, as well as
metabolization and breakdown of the drug prior to reaching
the site of action [44]. Therefore, local therapeutic delivery
can translate to improved patient compliance and medication
adherence as well as decreased discomfort [45].

Microfabrication techniques borrowed from the semicon-
ductor industry such as photolithography and thin-film depos-
ition have been used to advance the design and reproducibility
of microscale devices for sensing, analysis, or control of the
biological environment [46, 47]. Though drug-eluting devices
have been explored for addressing the effects of the neuroin-
flammatory tissue responses to microfabricated implants [48,
49], the fabrication processes required for integrating elec-
trical components (e.g., sensors) onto a material impregnated
with a therapeutic agent has not been reported.

In this work, we utilized a mechanically-adaptive polymer-
based nanocomposite (NC) material that remains stiff during
implantation, but becomes compliant in the brain due to the
water content and physiological heat [S0-54]. The NC was
loaded with the antioxidant resveratrol for elution into the sur-
rounding brain tissue when the NC is in its compliant state
[33]. Functional recording electrodes were integrated on the
substrate using microfabrication tools and techniques [55].
An overview of the mechanically-adaptive, resveratrol-eluting
(MARE) neural probe system is shown in figure 1. Resveratrol
release studies were completed to characterize the release pro-
file and isomer. Finally, the MARE probes were implanted for
up to 12 weeks to evaluate their ability to record single units
in vivo.

2. Methods

2.1. Preparation of substrate

The polymer-based NC substrate for the neural probe is com-
posed of polyvinyl acetate with 15% w/w tunicate cellulose
nanocrystals (PVAc/t-CNC) and loaded with 0.01% w/w trans-
resveratrol [50-54]. The mechanically-adaptive material was
prepared using a film casting and evaporation method [42,
50-54], shown in figure 2. Briefly, polyvinyl acetate (Sigma-
Aldrich, St. Louis, MO, USA), tunicate cellulose nanocrys-
tals (Cellulose Lab, Fredericton, New Brunswick, Canada),
and trans-resveratrol (Mega Resveratrol, Danbury, CT, USA)
were separately dispersed in an organic solvent, dimethyl-
formamide (DMF) (68-12-2, Fisher-Scientific, Hampton, New
Hampshire, USA). The polyvinyl acetate and resveratrol solu-
tions were placed on a stir plate until dissolved. The tunicate
cellulose nanocrystal solution was placed in an ultrasonic bath
(FS30, Fisher-Scientific, Hampton, New Hampshire, USA) of
deionized water for 6 h or until the solution exhibits birefri-
gence under cross-polarizers. The polyvinyl acetate, tunic-
ate cellulose nanocrystal, and resveratrol solutions were then
combined and stirred using a magnetic stir bar for 30 min. The
homogenous solution was then cast in a low-form PTFE evap-
orating dish (Fisher-Scientific, Hampton, New Hampshire,
USA) with a layer of Sylgard 184 silicone elastomer (PDMS)
(Dow Chemical Company, Midland, Michigan, USA) coating
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Figure 1. Overview of mechanically-adaptive, resveratrol-eluting (MARE) neural probes. The MARE probe is stiff when dry at 25 °C
(room temperature), with a Young’s modulus of 5 GPa. The stiffness of the substrate, reinforced by the tunicate cellulose nanocrystal
matrix, allows it to be implanted through the pia mater without buckling [54, 55]. Once in the brain, the material is exposed to physiological
heat (37 °C), raising the material above the glass transition temperature [51]. Additionally, the water molecules in the tissue displace
hydrogen bonds holding the tunicate cellulose nanocrystal matrix together. In combination, the water and physiological heat cause the
material to swell and become compliant, resulting in a lower Young’s modulus of 10 MPa, reducing mechanical mismatch between the
probe and brain tissue. Resveratrol can then elute from the material into the surrounding brain tissue, scavenging reactive oxygen species
and exhibiting neuroprotective properties. Graphic created with BioRender.com.

the bottom for planarization. The dish was then covered with
aluminum foil with venting holes to prevent any debris from
entering, and placed in a vacuum oven (Isotemp Vacuum Oven
Model 280 A, Fisher Scientific, Waltham, MA, USA) at 70 °C
for one week to evaporate the DMF. After day 7, the dishes
were removed from the oven, and the films were carefully
removed from the dish with tweezers. The films were then
stored in a dry box.

2.2. Material planarization

Although a layer of PDMS is used for planarization during the
casting process, inherent material roughness from the cellu-
lose nanocrystals and drying process prevents consistent pho-
tolithographic patterning of electrodes. To further reduce sur-
face roughness, the material was pressed between two PDMS-
coated acrylic discs in a Carver laboratory press. Acrylic
discs with a diameter of 100 mm were cut from 1.6 mm-
thick acrylic using a CO, laser (Versalaser, Universal Laser
Systems, Scottsdale, AZ, USA). PDMS was spin-cast onto
the acrylic disc to a thickness of approximately 50 pm using
a spin-coater (Laurell Technologies, Lansdale, PA, USA).
The polymer-based NC film with or without resveratrol was
then trimmed to 100 mm-diameter and placed between two

PDMS-coated acrylic discs on a Carver Laboratory press for
15 min at 90 °C and 3000 psi. After pressing, the discs and film
were allowed to cool completely before separating to prevent
stretching or deformation. To ensure that the NC surface was
sufficiently smooth for photolithographic patterning (rough-
ness average less than 5000 10%), the surface roughness was
measured at 3 different locations on each film using a Dektak
stylus profilometer (Bruker, Billerica, MA, USA).

2.3. Resveratrol release measurements

The resveratrol release rate from the NC films was charac-
terized using UV-vis spectrophotometry. The film was laser-
micromachined into 3 cm X 0.6 cm strips, either in a rectan-
gular (low laser path density) or serpentine (high laser path
density) shape. Serpentine cut dimensions are denoted by the
space in between each cut. After, the NC film strip was placed
on a hot plate to bring it above its glass transition temperat-
ure, where it softened and was shaped into a helix. The helix
shape allowed the entire NC film strip to be submerged in
the incubation solution. Next, the NC film strip was weighed
to determine the theoretical initial resveratrol content. The
NC film strip was then incubated in 0.2 ml of 1X PBS in an
Eppendorf tube and placed in a water bath at 37 °C until the
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Figure 2. Material dispersion, casting, and planarization process to create substrate for neural probes. Graphic created with BioRender.com.

designated time point. At the time point, 2 ul of the incub-
ation solution was taken and measured with UV-vis spectro-
photometry using a Nanodrop One (Thermo Fisher Scientific,
Waltham, MA, USA). Absorbance spectra from 190 nm to
1050 nm were recorded. Following measurement, the sample
was removed from the original Eppendorf tube, placed in a
new tube, and filled with fresh 1X PBS, following an infin-
ite sink drug release model. The incubation, measurment, and
replacement steps were repeated for each timepoint.

Several different resveratrol release experiments were com-
pleted to determine the effect of loading concentration, laser-
micromachining power, and laser-micromachining path dens-
ity on release rate and profile. Similar steps for substrate pre-
paration and release measurements were taken as described
previously. Two different resveratrol loading concentrations,
0.01% w/w and 1% w/w were used to create polymer-only
films for release studies. In addition, the release rate of PVAc
loaded with 1% w/w resveratrol was evaluated to determine
if the laser-micromachining path density affects release rate
and absorbance spectra. Finally, laser-micromachining para-
meters of laser power and laser path density were invest-
igated in an orthogonal experiment design to determine if
laser-micromachining affects the resveratrol release profile
and absorbance spectra.

2.4. Recording NC neural probe fabrication

After the NC was pressed and its surface roughness veri-
fied, electrode fabrication proceeded as detailed in figure 3.
Parylene C was deposited using a SCS PDS 2010 Parylene

Coater (Specialty Coating Systems, Indianapolis, IN, USA).
The NC was mounted such that it was elevated above the stage
so that the Parylene C film conformally coated all sides of
the NC film during a single run. After Parylene C deposition,
the NC film was then mounted to a carrier wafer by secur-
ing the edge with Kapton tape. Next, a 20 nm-thick titanium
adhesion layer and a 200 nm-thick gold conductive layer were
sputter-deposited on the substrate using a Denton Vacuum
Explorer 14 deposition system (Denton Vacuum, Moorestown,
NJ, USA). To pattern the metal, AZ P4330 photoresist (EMD
Performance Materials, Darmstadt, Germany) was spin-cast
on the wafer at 500 rpm for 10 s followed by 3000 rpm for 30 's.
After a soft bake at 110 °C for 60 s on a hot plate, the wafer was
exposed to i-line UV light in a photomask aligner (Karl Suss
MAG, Suss Microtec, Garching, Germany) in hard contact
mode with an exposure dose of 104 mJ cm~2. The photores-
ist was then immersion-developed in AZ 400 K 1:4 developer
(EMD Performance Materials, Darmstadt, Germany) for 2 min
and rinsed in deionized water. The Au and Ti films were
etched through the photoresist mask with Au etchant TFA
(Transene Company Inc., Danvers, MA, USA) for 50 s and
buffered oxide etchant (Transene Company Inc., Danvers,
MA, USA) for 20 s, respectively. Next, a second 2 pum-thick
Parylene C insulation layer was vapor-deposited on the metal
layer. To pattern the Parylene C insulation layer, AZ nLOF
2070 photoresist (EMD Performance Materials, Darmstadt,
Germany) was spin-cast onto the wafer at 200 rpm for 10 s
followed by 3000 rpm for 30 s. The photoresist was soft baked
at 110 °C for 90 s on a hot plate. The wafer was exposed in a
mask aligner with an exposure dose of 176 mJ cm~? in hard
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Figure 3. Microfabrication process to integrate recording electrodes on the PVAc/t-CNC/RES substrate. The procedure is described as
follows: (a) a 2-um thick Parylene C layer is vapor-deposited on both sides of the substrate. (b) The film is then mounted to a SiO; carrier
wafer, and a Ti adhesion layer and Au conductive layer are sputter-deposited onto the substrate. (¢) The metal is photolithographically
patterned to create the electrode contacts and traces; excess metal is wet-etched. (d) A second Parylene C insulation layer is vapor-deposited
on top of the patterned metal. (¢) The Parylene C insulation layer is photolithographically patterned to expose recording and connector
contacts using oxygen plasma. (f) Individual probes are laser-micromachined and released from the carrier wafer.

contact mode, and followed by a post-exposure bake at 110 °C
for 90 s on a hot plate. Following the post-exposure bake, the
photoresist was immersion-developed in 300 MIF developer
(EMD Performance Materials, Darmstadt, Germany) for 2 min
and rinsed with deionized water. The Parylene C was then
etched with oxygen plasma in a MARCH CS 1701 plasma
tool at a power of 200 W in an environment composed of
85% O, and 15% CF4 to expose recording and connector
contacts. Following plasma etching, individual probes were
laser-micromachined using a picosecond laser micomachin-
ing tool (Oxford Lasers, Oxfordshire, UK) and released from
the wafer. A completed mechanically-adaptive, reseveratrol-
loaded neural probe with recording microelectrodes is shown
in figure 4(a).

2.5. Device packaging

The neural probes were packaged to interface with external
electronics for in vivo neural recoding and electrochem-
ical impedance spectroscopy measurements, shown in
figure 4(b). To prepare the package, connectors (DF30FC-
20DS-0.4V(82), Hirose, Downers Grove, IL, USA) were
soldered on both sides of a custom-made printed circuit board
(PCB) (Advanced Circuits, Aurora, CO, USA). Ground and
reference wires were soldered onto their respective contact
pads. Next, the probe was secured to the PCB by placing a
drop of cyanoacrylate adhesive and then aligning the con-
nector contacts on the probe to the contact pads on the board.
After drying, a silver-based conductive epoxy (8330-19G,
MG Chemicals, Burlington, Ontario, Canada) was used to
connect each of the 8 connector contacts to their respect-
ive contact pad, then cured at 65 °C for 2 h. To insulate
the electrical connections, an insulating epoxy (EP21LVMed,
Masterbond, Hackensack, New Jersey, USA) was applied over
any electrically-conductive component of the PCB. The insu-
lating epoxy was then left to cure for 2 d at room temperature,
followed by 2 h at 80 °C, per the manufacturer’s instructions.

Ground
\\—

!
Printed {
circuit == |
board

Figure 4. (a) Image of a mechanically-adaptive, resveratrol-eluting
neural probe with fabricated recording electrodes. The inset shows
the 8 recording contacts. (b) Device package for MARE probe. A
Hirose connector, as well as ground and reference wires are
soldered to the PCB.

2.6. Electrochemical impedance spectroscopy

Devices were tested for impedance prior to implantation to
ensure their impedance was suitable for extracellular neural
recording. A 3-electrode configuration was used. An Ag/AgCl
reference electrode (BASi, West Lafayette, IN), a platinum
mesh counter electrode and the probe shank were submerged
into a 1X PBS solution. The probe was connected using a ZIF
clip headstage to the Hirose connector, which then leads to a
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breakout board where individual channels can be selected for
testing. The electrodes were connected to a BioLogic SP-300
potentiostat (BioLogic, Seyssinet-Pariset, France) and a fre-
quency sweep ranging from 1 Hz to 100 kHz was employed
at an amplitude of 10 mV. Each channel is deemed acceptable
for neural recording if its magnitude at 1 kHz is between 100—
1000 k2 [10, 20, 56-58]. Parameters for a Randels equivalent
model were determined by fitting to the EIS data using the
Zfit function in EC-lab (BioLogic, Seyssinet-Pariset, France)
to understand the electrode’s behavior.

2.7 In vivo implantation surgeries

Devices were implanted in male Sprague-Dawley rats 250—
300 g in weight following established protocols [18, 59, 60]
approved by the L. Stokes Cleveland Department of Veterans
Affairs Medical Center. Each rat (N = 5) was implanted with
a MARE probe. Rats were anethesized with 2.5% isoflurane
gas. Once anestheized, the head was shaved and eye lubricant
was applied. Each rat was administered a dose of the anaglesic
meloxicam (1 mg kg~!), the antibiotic cefazolin (16 mgkg "),
and the local analgesic marcaine (0.15 ml of 0.25%). The
animal was then placed on a stereotaxic frame with 2.0% iso-
flurane and the surgical site was scrubbed with betadine and
isoproponal. While under anesthesia, the animals’ vitals were
being monitored with a MouseSTAT Pulse Oximeter and Heart
Rate Monitor (Kent Scientific Corp., Torrington, CT, USA).
An incision was made on the top of the head and the peri-
osteum was removed to expose the skull. Hydrogen perox-
ide and VetBond (3M, St. Paul, MN, USA) were applied for
skull dehydration and surface conditioning, respectively. Next,
using a Kopf dental drill and a 1.35 mm drill bit (David Kopf
Instruments, Tujunga, CA, USA) craniotomies for the ground
and reference bone screws were made. The craniotomy for the
ground bone screw was made at 1.5 mm lateral and 1.5 mm
posterior to bregma and the craniotomy for the reference bone
screw was made at 1.5 mm lateral and 5.5 mm posterior to
bregma. For the craniotomy at the electrode implantation site,
3 mm lateral and 2 mm anterior to bregma on the contralat-
eral side of the skull as the bone screws, a 1.75 mm drill
bit was used. Drilling techinque for all craniotomies involved
pulsing the drill and applying saline to reduce thermal dam-
age and inflammation [61, 62]. Bone screws were placed
using a screwdriver (Stoelting, Wood Dale, IL, USA). After
the electrode was lowered near the craniotomy, the refer-
ence and ground wires were wrapped around their respect-
ive bone screws and dental cement (A-M Systems, Sequim,
WA, USA) was applied to hold them in place. The electrode
was then implanted using a hydraulic inserter (Model 2650,
David Kopf Instruments, Tujunga, CA, USA) 2 mm into the
cortex at a speed of 1 mm s~!. After implantation, the sur-
rounding craniotomy around the electrode was sealed with
Kwik-Cast (World Precision Instruments, Sarasota, FL, USA).
Dental cement was then layered around the skull to secure
the electrode and screws in place as well as insulate the elec-
trical connections. The incision was sutured around the head-
cap to allow access to the connector on the electrode. 2 doses
of cefazolin (16 mg kg~!) were given 1 d after surgery. 1 dose

of meloxicam (1 mg kg~') was given on day 1 and another on
day 2 post-operation.

2.8. Invivo neural recording

Neural recording sessions were done to evaluate recording
performance from the MARE probes, following established
protocols [63—65]. Animals were anesthesized with 2.5% iso-
flurane gas, and the exposed connector was then cleaned with
isopropanol. Animals were placed in custom-made acrylic
recording chamber. A ZC-16 ZIF-Clip headstage was clipped
into both sides of the connector, which led to the ACO32
Commutator to help reduce motion artifacts and RA16PA
16 Channel Medusa Pre-Amp to filter the signal. The RZ5
Bioamp Processor (Tucker-Davis Technologies, Alachua, FL,
USA) then processed the signal and displayed it in the Synapse
software. After the animal woke up, the 10 min recording ses-
sion began. A sampling rate of 24414.1 Hz and a bandpass
filter from 300-3000 Hz was used. After 10 min, the record-
ing was stopped, the animal was released from the headstage,
and returned to its home cage.

3. Results and discussion

3.1 Resveratrol-loaded polymer fims are capable of slow,
controlled release

The effect of resveratrol concentration in the polymer on
release characteristics was determined by measuring the
release profiles for rectangular polymer films loaded at 0.01%
or 1% w/w resveratrol concentrations. Figure 5(a) shows a
representative absorbance spectra from both films at the 1 h
time point. There is a distinct peak at 306-317 nm [66-68],
the wavelengths most strongly absorbed by trans-resveratrol,
indicating that we are detecting the resveratrol released. The
peak is much more pronounced for the PVAc-1% RES films,
suggesting that the amount of reseveratrol released from the
PVACc-0.01% RES films may be below the limit of the detec-
tion for our instrument. The large peak around 190 nm corres-
ponds to hydrolysis of polvinyl acetate into polyvinyl alcohol.
Figure 5(b) shows the cumulative resveratrol release profiles
over 65 d in terms of resveratrol release in nanograms (ng)
normalized to initial film weight in milligrams (mg). There
is a fast initial release, with over 25% of the total resveratrol
loading concentration released over the first 60 h, with slower
release continuing thereafter over the entire 65 d, showing that
the polymer is capable of slow, controlled release. Long-term
release is more evident with PVAc-1% RES films, and the slow
release at the amount released from PVAc-0.01% RES films at
later time points is below the detection limit of our instrument-
ation. Although the lower percent weight films’ release may
be below the limit of detection in our detection system, the
0.01% wt concentration was shown to be optimal in microglial
populations [33], and the release profile can be extrapolated
to the lower concentration. The long-lasting, controlled res-
veratrol release is ideal for in vivo use, as the antioxidative and
antiinflammatory properties of resveratrol may lessen chronic
neuroinflammation [33, 69, 70].
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Figure 5. PVAC/RES release profile and absorbance spectra at 0.01% and 1% w/w loading concentrations. (a) Representative absorbance
spectra from the 1-hour measurement from both sets of film. There is a distinct peak in the 1% RES between 306-317 nm, the wavelength at
which trans-resveratrol absorbs. However, there is no visible peak with the 0.01% RES, indicating that the low resveratrol concentrations
may be below the sensitivity limits of the Nanodrop One. (b) Release profiles of the 0.01% (red) and 1% (blue) resveratrol loading
concentrations. They both follow a power release curve with low standard deviations between measurements. The 1% RES released a total
of 200 ng mg™! (ng of resveratrol per mg of initial film weight) of resveratrol over a 65-day time period, where the 0.01% appeared to

release about 20 ng mg ™!

3.2. Laser-micromachining path density affects resveratrol
release from polymer fims

PVAc-1% RES loaded polymer films were tested for res-
veratrol release profile with two different cut patterns—a rect-
angular shape and a serpentine shape with 200 um between
cuts, shown as R and Z-200 in figure 6. The serpentine shape
greatly increased the laser-path density over the given area
compared to the rectangular shape. The ratio of path length
to rectangular sample area is 4.8 for the high laser path dens-
ity shape, while it is 0.4 for the rectangular shape. Figure 7(b)
shows the resveratrol release profile with the higher (serpent-
ine) and lower (rectangular) laser-path densities, indicating
that higher laser path density films exhibited faster resveratrol
release normalized to initial film weight. Additionally, when
looking at the absorbance spectra from both types of films
in figure 7(a), there is a shift in wavelength among the ser-
pentine films. The absorbance peaks from resveratrol released
from the low laser path density films continued to be in the
306 nm-317 nm range, while the resveratrol from the high
laser path density films exhibited a shift in peak to around
287 nm, corresponding to the peak absorption wavelength for
cis-resveratrol absorbs. Cis-resveratrol is a less-therapeutic
isomer of trans-resveratrol, which can undergo transforma-
tion when exposed to heat and UV light [66—-68, 71-73]. The
micromachining laser applies UV light (A = 355 nm), which
generates heat when cutting through the film. It is possible that
the shift in absorbance wavelength corresponds with a conver-
stion of trans-resveratrol to cis-resveratrol. These results indic-
ate that while higher laser path density films will release res-
veratrol at a faster rate, the released resveratrol is likely the less
potent cis- form of resveratrol compared to the lower laser path
density films. The effect of laser path density on the polymer
and resveratrol release profile is an important consideration to
make for the fabrication process and the therapeutic level it
may have in vivo. Laser path density is reduced for probes

patterned with recording electrodes by employing adequate
spacing between devices on the film.

3.3. Laser-micromachining path density, but not laser power
effects resveratrol release from polymer fims

After determining that laser-path density had an effect on
the resveratrol release profile and isomeric form of res-
veratrol, the interdependent effects of laser path density and
laser power were studied in an orthogonal experiment design
that examined the effects of both on the release profile and
absorbance.

Table 1 shows the conditions tested in this study. Two dif-
ferent laser power levels, 5% (low, ~2 mW) and 55% (high
~22 mW) were tested, along with 4 different laser path dens-
ity structures. The four test structures are as follows: (a) rect-
angular (low laser path density), (b) 1000 um-wide serpentine
(medium laser path density), (c) 200 pm-wide serpentine (high
laser path density) and (d) 100 pm-wide serpentine (highest
laser path density), shown in figure 6.

Figure 8(a) displays a reperesentative absorbance spectra
from each condition. The higher laser path density samples
showed a shift in peak absorbance to around 270 nm com-
pared to the lower laser path density samples, which had peaks
around 295 nm. The peak absorbances and wavelength at the
peak absorbances are denoted in table 2, showing higher peak
absorbances at lower wavelengths for high laser path density
films. Together, our results suggests that both films release a
mixture of trans- and cis- resveratrol, with the higher laser
path density samples eluting more cis-resveratrol, similar to
results from the previous experiment. The therapeutic efficacy
is an important factor to consider when delivering resveratrol
in vivo, as the amount independently may not completely
explain the observed effect. Figure 8(b) shows the resveratrol
release profile from all six conditions tested. The laser power
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Figure 6. Test structures used to evaluate different laser path densities. The ‘R’ and ‘Z-1000’ structures have lower laser path densities,
while the ‘Z-200’ and ‘Z-100 structures have higher laser path densities. Graphic created with BioRender.com.
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Figure 7. PVAc/1%RES release profile and absorbance spectra with different laser-micromachined shapes. The laser-micromachining tool
was used to cut out both low laser path density and high laser path density shapes into the film, translating to different laser path densities
over the same area of film. A rectangular shape of 3 cm x 0.6 cm was used for the low laser path density condition, while a 3 cm X 0.6 cm
strip with 200 um spaces between cuts is the high laser path density condition. (a) Representative absorbance spectra from low and high
laser path density films. The low laser path density shape shows a characteristic peak at 306—317 nm, consistent with trans-resveratrol.
However, the high laser path density shape shows an earlier peak around 287 nm, the wavelength at which the isomer cis-resveratrol
absorbs. (b) Resveratrol release profile from low and high laser path density films. Both shapes followed a power release curve, with the low
laser path density shape releasing resveratrol at a slower rate than the high laser path density shape.

Table 1. Laser power and laser path density structure combinations
tested.

Laser path density
R Z-1000 Z-200 Z-100
Power % X X
55% X X X X

did not appear to impact the release rate, but the laser path
density did, similar to the previous study. Higher laser path
densities showed faster resveratrol release rates compared to
lower laser path densities.

3.4. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy was completed to
determine if each channel on the MARE probes was suit-
able for neural recording of single units, with an impedance
magnitude in the range of 100-1000 k{2 at 1 kHz. Figure 9

shows a representative impedance spectra from a MARE
probe. Impedance spectropscopy spectrum show a magnitude
that decreases with frequency, with the |ZI at 1 kHz in the
suitable range for single unit neural recording. Additionally,
the phase shows a frequency-dependent response similar to
other Au electrodes [74—79], making this channel favorable
for in vivo use. Further, the equivalent circuit characterizes
the behavior of the electrode interface. The Randles circuit
model with a constant phase element was fit to the EIS data,
with Ry = 13.293 k{2, representing the solution resistance,
Q = 4.82 nF.s@~D representing the constant phase element,
a = 0.8215, and R, = 507.9 M) representing the charge
transfer resistance. Figure S1 shows the benchtop 1 kHz
impedance magnitude IZI of all 8 channels from a repres-
entative MARE probe. Additionally, figure S2 displays the
benchtop |ZI from the same channel, channel 2, across all of
the MARE probes used for in vivo studies. Combined, the
figures indicate that the MARE probes have repeatable and
consistent electrical properties, with impedances at 1 kHz in
the range of 100-1000 k{2, suitable for recording single units.
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Figure 8. Resveratrol release profile and absorbance spectra for different laser-micromachining path density and laser power with
PVAc/1%RES films. Six different combinations of laser path density and power were tested. ‘Hi’ is high laser power and ‘Lo’ is low laser
power. Laser path density is the lowest in the ‘R’ structures and increases in this order: ‘Z-1000’, ‘Z-200’, and ‘Z-100’. (a) Representative
absorbance spectra for six different conditions tested. Similar to figure 6, higher laser path density film samples had a shift in peak
absorbance to around 270 nm, suggesting that cis-resveratrol is being released from the substrate. Lower-laser path density samples still
observed a slight shift in peak absorbance, suggesting there is both trans-and cis-resveratrol eluting from the substrate. (b) Overall, it
appeared that laser power did not seem to impact the resveratrol release profile or release rate. However, the laser path density again
impacted the resveratrol release rate, with higher laser path densities (Z-100 and Z-200) having faster release rates than lower laser path
densities (Z-1000 and R).

Table 2. Peak absorbance and wavelength at peak absorbance
values for the representative spectra shown in figure 8.

Wavelength at peak
Film type Peak absorbance (AU) absorbance (nm)
HiR 0.45 296
Hi Z-100 1.39 270
Hi Z-200 1.37 271
Hi Z-1000 0.57 282
LoR 0.24 295
Lo Z-200 1.78 269

Probe functionality is an important consideration in this device
design, as it was unknown if the resveratrol would interfere
with the ability to fabricate probes with functional record-
ing channels. Because the probes have a low laser path dens-
ity when laser-micromachining, the fabrication of these func-
tional recording devices circumvents the deleterious conver-
sion of trans-resveratrol to cis-resveratrol.

3.5. In vivo neural recording

In vivo neural recording sessions demonstrated the MARE
probe’s ability to record single units in vivo. Comparing the
benchtop and in vivo impedance spectra taken within hours
after implantation, 92.5% electrodes survived, meaning their
impedances at 1 kHz were within the 100-1000 k{2 range.
Twice weekly recording sessions took place beginning on the
day of surgery. The pile plots in figure 10 are from units
recorded from the same channel on a MARE probe on day
32 (left) and day 34 (right). The peak-to-peak voltages are
56 ©V and 54 pV, the mean interspike intervals are 374 ms
and 165 ms, and the signal-to-noise ratios are 7.12 and 7.06 for
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Figure 9. Representative electrochemical impedance spectroscopy
with equivalent circuit from a MARE probe. A key metric is the
impedance magnitude at 1 kHz, which should be between
100-1000 k<2 for viable recording electrodes. The magnitude and
phase spectra show a frequency-dependent response similar to other
Au electrodes.

each unit shown, respectively. The single unit metrics are sim-
ilar between recording sessions indicating recording stability
from the MARE probes. The ability to record single units
with stability demonstrates that MARE probes are functional
in vivo, which is a critical requirement for clinical translation
or use in neuroscience research.

The current study marks the first instance of local res-
veratrol delivery from a NC-based probe combined with neural
recording. Previously, resveratrol was incorporated into NC-
based dummy probes. Additionally, NC-based probes without
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Figure 10. Pile plots of a single unit from the same channel on a MARE probe implanted in vivo during separate recording sessions on day
32 and day 34 post-implantation. The average waveform of the unit is in the thick black line, and the waveforms recorded are in gray. The
amplitude, noise band, and waveform shape remain stable while implanted in the rat motor cortex.

recording capability have been integrated with microfluidic
channels using soft lithography to deliver resveratrol at a
chronic timepoint [59]. Overall, microfabrication techniques
have improved the integration of drug delivery systems into
implantable devices.

4. Conclusion

In this work, we have shown that the MARE neural probes
can be successfully fabricated and implemented for chronic
in vivo use. The mechanically-compliant, resveratrol-loaded
substrate can be made through a dispersion, casting, and evap-
oration method. Functional electrodes can then be integrated
onto the substrate using a specific microfabrication process
to promote precise patterning and protection of the material.
Benchtop EIS testing has shown that these electrodes have a
1 kHz impedance magnitude in the range suitable for neural
recording. Additionally, MARE probes have been implanted
in vivo and were capable of maintaining recording of single
units for weeks post-implantation.

Resveratrol release studies indicate that the MARE probes
are capable of long-term continuous release of resveratrol.
However, we did discover that the fabrication process may
contribute to degradation of the resveratrol. Specifically, high-
density laser-micromachining seemed to play a role in the
transformation of the loaded trans-resveratrol to its less potent
isomer, cis-resveratrol. This is likely due to the UV light the
laser applies to cut the substrate, and a consideration that needs
to be made going forward with these substrates.

Overall, the MARE probes have been well-characterized
in terms of fabrication process, resveratrol delivery, and elec-
trode impedance. With their mechanically-compliant substrate
and ability to locally delivery an antioxidant, MARE probes
have the potential to reduce the neuroinflammatory response
and improve IME recording performance compared to tra-
ditional silicon IMEs. The next step with these devices is
to complete a comparative study in vivo with both MARE
probes and silicon probes to evaluate the effects of stiffness
and resveratrol release on IME integration and the stability of
performance.
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