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ARTICLE INFO ABSTRACT
Keywords: Intracortical microelectrode arrays (MEAs) are used to record neural activity. However, their implantation ini-
Intracortical microelectrodes, tiates a neuroinflammatory cascade, involving the accumulation of reactive oxygen species, leading to interface

Recording neural interfaces,
neuroinflammations
Oxidative stress,

MnTBAP coatings

failure. Here, we coated commercially-available MEAs with Mn(IIl)tetrakis(4-benzoic acid)porphyrin (MnTBAP),
to mitigate oxidative stress. First, we assessed the in vitro cytotoxicity of modified sample substrates. Then, we
implanted 36 rats with uncoated, MnTBAP-coated (“Coated”), or (3-Aminopropyl)triethoxysilane (APTES)-
coated devices — an intermediate step in the coating process. We assessed electrode performance during the acute
(1-5 weeks), sub-chronic (6-11 weeks), and chronic (12-16 weeks) phases after implantation. Three subsets of
animals were euthanized at different time points to assess the acute, sub-chronic and chronic immunohistological
responses. Results showed that MnTBAP coatings were not cytotoxic in vitro, and their implantation in vivo
improved the proportion of electrodes during the sub-chronic and chronic phases; APTES coatings resulted in
failure of the neural interface during the chronic phase. In addition, MnTBAP coatings improved the quality of
the signal throughout the study and reduced the neuroinflammatory response around the implant as early as two
weeks, an effect that remained consistent for months post-implantation. Together, these results suggest that
MnTBAP coatings are a potentially useful modification to improve MEA reliability.

1. Introduction [1-7]. In addition, these devices have been useful in advancing the
understanding of brain circuitry and cortical mapping in healthy and

Intracortical microelectrode arrays (MEAs) implanted in the motor diseased states [8-10]. However, implantation of MEAs into the brain
cortex can record neural activity associated with voluntary movement. results in displacement and mechanical tearing of brain tissue, rupture
Because of this, MEAs have been widely used to develop brain-machine of the blood-brain barrier with infiltration of macrophages, and initia-
interfaces, restoring lost function in paralyzed and injured individuals tion of the neuroinflammatory cascade [11-15]. This process is
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characterized by the activation of microglial cells that migrate to the
implant site. Activated microglia release inflammatory cytokines that
activate and recruit distant astrocytes, forming a glial scar and encap-
sulating the implanted device. The presence of macrophages, microglia,
and activated astrocytes increase the production of reactive oxygen
species (ROS) such as hydroxyl, superoxide anion, nitric oxide, and
hydrogen peroxide that accumulate around the implant site [16,17].
Furthermore, when the superoxide nitric oxide and superoxide anion
combine, they produce toxic peroxynitrate [18]. Previous work has
demonstrated that implantation of intracortical MEAs can elicit the
accumulation of these ROS around the implant site [16,19,20]. The
central nervous system lacks endogenous enzymatic antioxidants to
reduce these ROS [21], which can result in oxidization of lipids, pro-
teins, carbohydrates, and nucleotides. The oxidation of these bio-
molecules can be catastrophic for the fate of oligodendrocytes and
neurons, causing interference with myelination, mitochondrial
dysfunction, and neuronal loss [22,23]. These processes contribute, at
least in part, to failure of the neural interface since the ability of MEAs to
record extracellular action potentials is related to the proximity of viable
neurons around the implant [24,25]. Substantial efforts have been taken
to improve the long-term reliability of recording MEAs
post-implantation, including the use of MEA surface coatings, including
bioactive compounds. For example, Oakes et al. [26] used extracellular
matrix coatings that reduced astrocyte expression around the implant
site (within 50 pm), but this modification also increased blood-brain
barrier permeability, raising concerns about the impact on recording
reliability. Sawyer et al. [27] identified monocyte chemoattractant
protein 1 (MCP1) - a switch that changes phenotype expression of
macrophages and microglia polarization — as an important protein for
the propagation of neuroinflammation at acute and sub-chronic time
points. Sawyer et al. showed that pharmacological inhibition of MCP1
improved neuronal survival post-implantation. Cell adhesion molecule
L1 [28] has also been used to promote neuronal cell integration to MEAs
and a reduction in activation and accumulation of microglia.

Our group has focused on improving the longevity of recording MEAs
by attempting to modulate the accumulation of reactive oxygen species
around the implant. We have used antioxidants such as resveratrol,
curcumin, and dimethyl fumarate delivered either systemically or
locally to attenuate the accumulation of ROS around the MEA implant
site [29-34]. Short-term administration of these antioxidants has
significantly improved neuronal viability; however, these improvements
appear to be lost over chronic implantation periods. Because of this, we
have developed [35] a coating based on the immobilization of com-
mercial Mn(IID)tetrakis(4- benzoic acid)porphyrin (MnTBAP), which is a
synthetic metalloporphyrin that has been shown to scavenge ROS,
including intracellular superoxide anion and the harmful peroxynitrate
[36-40]. We showed in vitro that the scavenging effect of the MnTBAP
coating on glass surfaces with seeded reactive microglia (BV-2) was
active for several days after exposure to physiologically relevant con-
ditions [35]. We recently developed the tools and methodology to
achieve surface modifications of planar silicon intracortical MEAs and
demonstrated the ability to apply MnTBAP coatings onto functional
recording devices [41]. Here, we investigated the effect of the MnTBAP
coating on the planar intracortical MEA implant sites and assessed the
impact on acute (1-5 weeks), sub-chronic (6-11 weeks), and chronic
(12-16 weeks) recording performance in vivo. We found that the use of
this novel coating reduces the glial scar around the MEA as soon as 2
weeks post-implantation, improving neuronal viability, recording
quality, and electrode performance chronically.

2. Materials and methods
2.1. Invitro cell assessment for testing cytotoxicity

Prior to conducting in vivo experiments, in vitro cytotoxicity testing
was completed on MnTBAP-coated samples having undergone
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disinfecting or sterilization treatment including ethanol disinfection
(submerged in 70 % ethanol for 5 min), dry heat (180 °C for 4 h),
ethylene oxide sterilization, and autoclave (15 psi at 121 °C for 35 min).
In vitro assessment followed previously established protocols for the
synthesis of glass coverslip samples and MEAs [41], and for direct
contact cytotoxicity test [35]. Briefly, glass coverslips were cleaned
using a six-step sequence of 5-min rinses comprised of DI water with 1 %
Liquinox, deionized water, a second rinse in deionized water, acetone,
methanol, and isopropyl alcohol. Glass coverslips were further cleaned
using a UV Ozone treatment for 15 min. Following procedures detailed
by Ref. [42], the samples were then immediately placed in a vacuum
desiccator with liquid (3-Aminopropyl)triethoxysilane (APTES) and a
vacuum was pulled to allow for the gas phase deposition of APTES onto
the sample surfaces with the modifications detailed in Ref. [41]. The
samples remained in the desiccator under vacuum for 24 h, after which
the samples were submerged in a solution containing MnTBAP activated
via carbodiimide crosslinking chemistry as detailed elsewhere [35]. The
glass coverslips were incubated for 18 h at room temperature on a shaker
table in the solution containing MnTBAP, and then washed three times
alternating deionized water and 95 % EtOH. Adherent cell type
(NIH3T3, fibroblasts, ~200 cells/mmz) [43] and highly aggressive
proliferating immortalized cells (HAPI, microglia/macrophages, ~50
cells/mm?) [44] were seeded on top of the glass coverslips to complete
cytotoxicity experiments. We included two uncoated glass coverslips cell
viability controls: a negative control with all live cells (uncoated glass
coverslip, sterilized with ethylene oxide) and a positive control with all
dead cells (uncoated glass coverslip cleaned, sterilized with ethylene
oxide and exposed to 70 % methanol for 30 min). Following a 24-h in-
cubation, cell viability was assessed with a LIVE/DEAD® Viability/Cy-
totoxicity Kit (Life Technologies, Carlsbad, CA, US). Cells were stained
by incubating with 8 pM ethidium homodimer (EthD-1) and 0.1 pM
calcein-AM in PBS for 15 min. Samples were then imaged using an
inverted AxioObserver Z1 (Zeiss, Oberkochen, Germany) equipped with
an AxioCam MRm. The percentage of dead cells was calculated as the
normalized fluorescence intensity compared to the positive controls.

2.2. MnTBAP coating of MEAs

Multielectrode arrays were coated with MnTBAP as previously
described [41] via gas-phase deposition and aqueous solution exposure.
Custom 3D-printed tools were used to hold and manipulate MEAs during
the entirety of the coating process. Briefly, MEAs were cleaned using a
sequential six-step wash consisting of 5-min rinses with deionized water
with 1 % Liquinox, 2x washes in deionized water, acetone, methanol,
and finally isopropyl alcohol. Further cleaning to prepare for APTES
coating was done using a UV Ozone cleaner treatment for 15 min. Once
clean, the 3D-printed tools loaded with the MEAs were placed inside a
vacuum desiccator (25 psi) after adding 400 pL to allow amine func-
tionalization and the process was repeated two times: the first two times,
the vacuum was held at 25 psi for 20 min, for the third time it was held at
25 psi for 24 h. Once amine functionalization of the MEA surface was
done using APTES, the MEAs were coated with MnTBAP by placing the
MEA into a well plate containing functionalized MnTBAP solution on a
shaker for 18 h at room temperature. After incubation in MnTBAP, MEAs
were dipped in glycine to quench the MnTBAP reaction. The MEAs were
then washed using deionized water before being packaged for ethylene
oxide (ETO) sterilization.

All coated substrates were immediately stored in desiccators under
vacuum once the coatings were assembled. Coated substrates were
typically implanted (or used in experiments) within 3-4 weeks of
coating. The stability of the coatings under these conditions has been
validated via XPS [41].

2.3. Animals and surgical implantation

Three cohorts of adult male Sprague-Dawley rats (N = 36) were used
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in this research. The first cohort (N = 3), approved by the Louis Stokes
Cleveland Department of Veterans Affairs Medical Center Institutional
Animal Care and Use Committee, was used to assess the histological
outcomes of the neural tissue surrounding MnTBAP-coated (“Coated”)
and control uncoated planar silicon non-functional probes (“Uncoated”).
The second cohort (N = 24), approved by The University of Texas at
Dallas Institutional Animal Care and Use Committee, was used to assess
the electrophysiological performance of MnTBAP-coated vs. uncoated
16-channel functional MEAs (A1x16-3-100-177-CM16LP, iridium elec-
trode sites, NeuroNexus Technologies, Ann Arbor, MI, US). The third
cohort (N = 9), approved by the Case Western Reserve University
Institutional Animal Care and Use Committee, was used to assess the
neuroinflammatory response using changes in inflammatory gene
expression at 2 weeks (n = 3), 7 weeks (n = 3), or 11 weeks (n = 3) post-
implantation. Animals in the first cohort received bilateral implants: one
uncoated silicon probe and one MnTBAP-coated silicon probe. Animals
in the second cohort were implanted with either an uncoated MEA (n =
8, 128 electrode sites total), an MEA after surface functionalization with
the intermediate APTES step described above (n = 7, 112 electrode
sites), or an MnTBAP-coated MEA (n = 9, 144 electrode sites). For the
third cohort, animals were each implanted with three silicon non-
functional probes: one uncoated control, one APTES-coated, and one
MnTBAP-coated.

The surgical procedure for all cohorts followed previously estab-
lished protocols [45-48]. Briefly, animals of both cohorts were anes-
thetized using vaporized isoflurane (1.8-2.2 %) mixed with medical
grade oxygen (500 mL/min; SomnoSuite® for Mice & Rats, Kent Sci-
entific Corporation, Torrington, CT, US). The fur on the scalp around the
surgical site was removed for an aseptic surgery and then the animals
were transferred onto a stereotaxic frame (David Kopf Instruments,
Tujunga, CA, US). Vital signs were monitored throughout the entire
duration of the procedure and the temperature was maintained using a
far-infrared warming pad (PhysioSuite® for Mice & Rats, Kent Scientific
Corporation, Torrington, CT, US). The surgical site was cleaned with
alternating betadine and alcohol swabs, followed by a subcutaneous
injection of 0.5 % bupivacaine hydrochloride (Marcaine, Hospira, Lake
Forest, IL, US) at the incision site. An incision was made at the midline of
the scalp and the muscles and connective tissue underneath were
removed. Bregma, lambda, and the sagittal suture were located. For the
second cohort only, two stainless steel bone screws (#51457, Stoelting
Co., Wood Dale, IL, USA) were inserted onto the skull acting as ground
and reference for electrophysiological recordings and a third screw was
inserted for anchoring (coordinates AP,ML,DV at approximately 2,-2,-1
mm; —2,-2.5 mm,-1; —2,2 mm,-1; and 4,2 mm). Screw holes were made
via a micromotor-controlled drill press with foot pedal (P-DP70, Fore-
dom Electrical Company, Blackstone Industries, LLC, Bethel, CT, US)
mounted to the stereotaxic arm. A 1 mm x 1 mm craniotomy was made
targeting the primary motor cortex (M1), followed by durotomy to allow
for MEA insertion. For the third cohort only, craniotomies were made
1.5 mm lateral and 1.0 mm anterior and posterior to the bregma.
Implant types were randomly assigned to a different craniotomy site in
each animal, with each animal receiving all three implant conditions
and a craniotomy only control. Then, MEAs were implanted into a
cortical depth of 2 mm using a precision-controlled inserter (Neu-
ralGlider, Actuated Medical, Inc., Ann Arbor, MI, US), avoiding
disruption of major surface blood vessels to minimize hemorrhaging
[49]. The second cohort additionally received placement of a dural graft
around the MEA (Biodesign Dural Graft, Cook Medical, Bloomington, IN,
US) to cover the durotomy site, followed by a layer of tissue adhesive
(GLUture, World Precision Instruments, Sarasota, FL, US) to seal the
craniotomy site. A dental cement headcap was shaped around the
implant in order to tether the device to the skull. The incision was then
closed using surgical staples and the animals were given 0.05 mL/kg
intramuscular cefazolin (Med-Vet International, Mettawa, IL, US) as
prophylaxis, and 0.15 mL/kg of subcutaneous slow-release buprenor-
phine (ZooPharm, LLC., Laramie, WY, US) for pain management every
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72 h for 5 days.

In contrast, no screws were implanted for the first cohort, and a
MnTBAP-coated non-functional probe (n = 3) was implanted either on
the right or left side of the midline (randomly assigned) followed by
uncoated non-functional probe (n = 3) implanted contralaterally on a
second craniotomy of the same dimensions (following the same pro-
cedures described above). There were slight differences in the following
medication to comply with IACUC requirements at both institutions. For
the first cohort of animals with non-functional devices, meloxicam (0.2
mg/100 g) every 24 h for two days was given instead of buprenorphine.
For animals in the second cohort, a sulfamethoxazole and trimethoprin
oral suspension (200 mg/40 mg/5 mL, Aurobindo Pharma, Dayton, NJ,
US) in their drinking water (1 mL/100 mL drinking water) was given for
one-week post-implantation.

2.4. Histological tissue processing

Animals in the first cohort (N = 3) were euthanized 2 weeks post-
implantation to assess the acute histological response; all animals in
the second cohort were euthanized 16 weeks post-implantation.
Euthanasia was performed via an IP injection of ketamine (160 mg/
kg) and xylazine (20 mg/kg) to induce anesthesia. Anesthetic depth was
monitored via toe pinch and any associated animal movement. Once
fully anesthetized, an incision was made vertically along the abdomen,
just below the xiphoidal process, to expose the abdominal cavity. A
lateral cut was made across the abdominal cavity followed by a vertical
cut across the rib cage on both sides. The diaphragm was cut with
scissors, and the rib cage held up to expose the pleural cavity and heart.
Next, the sternum was clamped with a hemostat to keep the heart
exposed along with major blood vessels. A small incision was made at
the left ventricle of the heart, and a gavage inserted through the left
ventricle into the aorta and clamped to prevent movement. The right
atrium was snipped to allow blood and perfused liquid to flow out. The
rat was then perfused with 400-500 mL 1x phosphate buffered saline
(1X PBS, Invitrogen, Calsbad, CA, USA) at 100 mL/min, until the liquid
flowing out of the right atrium was clear and the liver flushed to a beige
color. Following which, the rat was perfused with 400-500 mL of cold
10 % buffered formalin (Fisher Chemical, Waltham, MA). After com-
plete perfusion, the rat was decapitated, and brain extracted. The brain
was then placed in 10 % buffered formalin for 24 h, followed by a serial
exchange of sucrose starting with 10 % sucrose (Sucrose from Millipore
Sigma, Burlington, MA) solution in 1X PBS for 24 h, then 20 % sucrose
solution for 24 h, 30 % sucrose solution for 48 h, and the last exchange
was with fresh 30 % sucrose solution until the brains were frozen for
sectioning. Following freezing using Optimal Cutting Temperature
compound (OCT, Sakura Finetek USA Inc, Torrance, CA, USA, #25608-
930), the brain was sliced on a cryostat at 20 pm section thickness and
mounted onto microscope slides (SuperFrost Plus, FisherBrand, Hamp-
ton, NH) for immunohistochemistry.

The animals in the third cohort (N = 9) were euthanized at 2 weeks
post-implantation (n = 3), 7 weeks post-implantation (n = 3), or 11
weeks post-implantation (n = 3) to assess the changes in neuro-
inflammatory and oxidative stress gene expression using the Nanostring
nCounter (MAX/FLEX) Analysis System. The procedures above
described for perfusion were followed for this subset of animals except
for the administration of formalin, which was replaced by 30 % sucrose
in PBS.

2.5. Immunohistochemistry

Standard immunohistochemistry protocols from our lab were uti-
lized for the assessment of activated microglia/macrophages, astrocytes,
blood-brain barrier permeability, and neuronal density around the
electrode interface for animals from the first and second cohorts [16,
50-52]. For the first cohort, sliced brain tissue was thawed in a humidity
chamber at room temperature for 1 h. Tissue was rehydrated with gentle
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application of 1xPBS to the tissue and to remove OCT compound.
Following which, 1xPBS-0.1%T (1x PBS, 0.1 % Triton-X100) was
applied to permeabilize the tissue. Tissue was then incubated for 1 h
with goat serum blocking buffer (1xPBS, 0.3%Triton-X100, 4 % Goat
serum) to block cross-reactivity with secondary antibodies. After
blocking buffer incubation, one half of the tissue sections were treated
with rabbit anti-immunoglobulin G (IgG, 1:100, Bio-Rad, Hercules, CA,
USA, Catalog #618501) to visualize blood-brain barrier permeability
[14] and mouse anti-CD68 (CD68, 1:100, Millipore Sigma, Burlington
MA, USA, Catalog #MAB1435) to visualize activated microglia and
macrophages and incubated overnight at 4 °C. The other half of tissue
were incubated overnight at 4 °C with mouse anti-neuronal nuclei
(NeuN 1:250, Millipore Sigma, Burlington, MA, USA, Catalog
#MAB3477) to visualize neuronal cells and rabbit anti-glial fibrillary
acidic protein (GFAP, 1:500, Agilent Dako, Santa Clara, CA, USA, Cat-
alog #Z0334429-2) to visualize astrocytes. The next day, after appli-
cation of primary antibodies, all the tissue slices were washed with
1xPBS-0.1%T. Subsequently, the tissue was incubated at room temper-
ature for 2 h in secondary antibodies in goat serum blocking buffer.
Buffer was made up of fluorescent AlexaFluor secondary antibodies
488/594 (1:1000, Invitrogen, Waltham, MA, USA, Catalog #PIA32723,
and #A11037, respectively) to visualize markers along with 4'6-dia-
midino-2-phenylindole (DAPI) (1:3600, 10.9 mM, Invitrogen, Waltham,
MA, USA, Catalog #D3571) to visualize cell nuclei. Following incuba-
tion, tissue was then washed with 1xPBS-0.1%T and incubated in copper
sulfate buffer (0.5 mM copper sulfate in ammonium acetate for 10 min)
to reduce tissue auto fluorescence [53]. Lastly, tissue was washed with
dH20 and excess dH20 was wiped off before slides were mounted with
coverslips using mounting medium (Fluoromount-G, Southern Biotech,
Birmingham, AL, USA, Catalog #010001).

For the second cohort, frozen brains were prepared for immunohis-
tochemical staining by first sectioning at 20 pm using a cryostat and
placing brain sections on microscope slides (SuperFrost Plus, Fish-
erBrand, Hampton, NH). Brain sections were stored in a —80 °C freezer
until staining. Immunohistochemical staining was performed using the
Leica Bond RX Automated Stainer (Leica Biosystems, Wetzlar, Germany)
and previously established laboratory protocols [52,54-56]. Brain tissue
from animals with representative recording performance was stained for
astrocyte activity and glial scarring (glial fibrillary acidic protein,
GFAP), microglia/macrophage activity (CD68), neuronal nuclei (NeuN),
and BBB damage (immunoglobulin-G, IgG). Microscope slides with
sectioned brains were first thawed in a humidity chamber for 30 min and
washed with 1x PBS to remove residual OCT. The tissue was then loaded
into the Bond RX staining system. Tissue was first washed with pro-
prietary Bond RX detergent to permeabilize the tissue, followed by a
10-min 80 °C heat-induced epitope retrieval (HIER) step using a pro-
prietary sodium-citrate-based solution. After HIER, one set of tissue was
incubated for 30 min with mouse anti-CD68 (CD68, 1:100, Millipore
Sigma, Burlington, MA, USA, Catalog #MAB1435) to visualize activated
microglia and macrophages and rabbit anti-GFAP (1:500, Agilent Dako,
Santa Clara, CA, USA, Catalog #Z0334429-2) for activated astrocytes.
The other set of tissue was incubated first for 30 min with rabbit anti-IgG
(1:100, Bio-Rad, Hercules, CA, USA, Catalog #618501) to visualize BBB
damage, followed by a second 30-min incubation with mouse anti-NeuN
(1:250, Millipore Sigma, Burlington, MA, USA, Catalog #MAB3477) to
visualize neuron populations. Following primary antibody incubation,
both tissue sets were removed from the Bond RX and placed into a hu-
midity chamber. Tissue was then incubated for 2 h at room temperature
using a secondary antibody solution consisting of fluorescent AlexaFluor
secondary antibodies 488/594 (1:1000, Invitrogen, Waltham, MA, USA,
Catalog #D3571) and 4'6-diamidino-2-phenylindole (DAPI) (1:3600,
10.9 mM, Invitrogen, Waltham, MA, USA, Catalog #D3571) suspended
in a 1x PBS with 0.3 % triton buffer solution. DAPI is used to visualize all
cell nuclei. After 2 h, the tissue was washed with dH5O. Slides were then
wiped dry and mounted with coverslips using Fluoromount-G mounting
medium (Southern Biotech, Birmingham, AL, USA, Catalog #010001).
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2.6. Imaging and analysis

Fluorescent tissue slides for the first cohort were imaged using an
Axioscan.Z1 (Zeiss Inc., Oberkochen, Germany) at 20x objective under
matching exposure times tailored for each individual fluorescent
marker. During immunohistochemical image analysis, exclusions were
drawn around artifacts to remove them from analysis. After the intensity
of each image was measured, a visual inspection was performed indi-
vidually on each image file to double check the presence of artifacts or
poor staining quality. If such an image persisted through intensity
measurement, that image was removed from analysis. Holes from im-
plantation were identified, and images were converted from native.CZI
file format to 16-bit.TIFF for processing. A custom MATLAB script for
analysis, called SECOND, was used where the implantation hole is out-
lined and any artifacts are excluded from analysis [57]. Using SECOND,
each fluorescent marker was quantified in 50 pm bins expanding in a
ring from the center of the identified implantation hole. GFAP, IgG, and
CD68 were analyzed up to 500 pm away from the implantation with
background intensity defined as the 450-500 pm binning interval to
normalize intensity in all other bins. Neurons were automatically
quantified via Neurolucida and manually verified using a custom
MATLAB program called AfterNeuN up to 400 pm away from the hole
[16]. Background neuron density was defined as the 400-450 pm
binning interval, and all bins within the 0-400 pm distance were
normalized using this background density value.

For the second cohort, once the coverslips were dried and secure,
stained tissue was imaged using the 20x objective of a confocal mi-
croscope (Nikon A1R HD Multiphoton System, Nikon Instruments Inc.,
Melville, NY, USA) to qualitatively compare brain tissue health across
groups. All images were taken using the same fluorescent exposure and
gain across each fluorescent stain.

2.7. Tissue extraction

For animals in the third cohort, brains were removed from the skull
immediately after perfusion to prevent excessive RNA degradation.
Implants were explanted prior to flash freezing the brains in optimal
cutting temperature compound (OCT) and stored at —80 °C until further
processing. Cortical brain tissues surrounding the neural probes were
cryo-sectioned into 150 pm thick frozen slices. We collected six to seven
150 pm thick sections for RNA isolation.

2.8. RNA isolation

Extracted brain tissue was homogenized as previously described by
our lab [52,58-60]. Briefly, we placed pooled samples from an indi-
vidual animal into 2.0 mL homogenization microtubes prefilled with 1.5
mm zirconium beads (Benchmark scientific D1032-15) and 1 mL Qiazol
(RNA extraction lysate). Tissue was homogenized by shaking at 4000
rpm for 1 min on a Bead Bug Homogenizer (Benchmark Scientific
D1030). This homogenization allows for RNA isolation.

The RNA was extracted at the Gene Expression and Genotyping Fa-
cility at Case Western Reserve University by purifying RNA from the
homogenized tissue with standard kits (RNeasy® Plus Universal Mini
Kit; Qiagen 73404). RNA quality and quantity were determined using
Nanodrop and TapeStation. We concentrated samples with low con-
centration with a Speedvac.

2.9. Gene expression assay

Here, we used a fluorescent barcode technology developed by
NanoString Technologies (Seattle, WA) to determine gene expression by
counting individual genes. RNA (~25-100 ng per sample) was hybrid-
ized with a codeset containing capture probes and reporter probes that
bind to specific genes of interest. Here, we utilized a customized codeset
containing 152 genes. The genes were selected based on available
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oxidative stress markers, previously analyzed genes upregulated after
MEA implantation, and previously identified housekeeping genes for rat
brain tissue (Table 1) [52,58-61].

Negative controls and positive controls were spiked in to assess assay
efficiency. Samples were incubated at 65 °C for 18 h, loaded onto car-
tridges, and processed with nCounter® MAX/FLEX Analyzer. Measure-
ments were taken at 280 Field-of-View per sample for maximum
resolution, and the relative number of each gene was determined from
absolute counts of fluorescent barcode reporters using the nCounter®
MAX Analyzer.

Table 1
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2.10. Normalization of gene expression data

RNA expression data was analyzed using the NanoString nSolver
software as previously described by our lab [52,58-60]. Briefly, raw
expression counts were normalized with positive control probe counts to
account for assay efficiency and housekeeping genes that normalize to
the amount of RNA collected per sample. Next, a differential expression
analysis was performed to determine how gene expression changes with
treatment. Any gene with less than 20 counts in 85 % of the samples was
removed. The expression ratio was plotted on a log2 scale and called the
Log2FoldChange. Expression of Log2FoldChange >1 indicates a
two-fold increase, whereas Log2FoldChange < -1 indicates a two-fold
decrease. A 2-tailed, unequal variance t-test was performed for each

Complete list of neuroinflammatory and oxidative stress genes of interest utilized in the study. Here we list
the 152 genes examined in rat brain tissue in this study using a combination of custom genes (shown in green
with light orange shading) and preset genes from NanoString (shown in black). Housekeeping genes are

highlighted in red with light grey shading.

Abll C44 Ddit3 GSTAI Ins2 Ngfg Prnp SPP1
Ager C54R1 Dnm?2 Gsta2 Ipcef1 Ngfr Psenl Sre
Aifl Casp3 DOCK2 GSTM2 IRAK4 Nme5 PSMBS Srxnl
AIM2 CASPS8 Ehd2 Gstpl IRF7 Nol3 Ptgs2 Stx2
Akt CCL1 Ep300 Gucylb3 ITGAM Nosl1 PTPN6 Thbp
Apoe Ccls Erccé H2-T23 Jun Nos3 PTX3 Tnf
App Ccs ERLECI Hdac2 KEAPI Noxal Rela TNFRSFIA
ARC CD14 Fas Hdac6 LILRB4A Nqol Rpli3a TNFRSF25
Atf4 CD36 FCERIG Hgf Lpo Nr2f6 Rps18 Torla
Atp13a2 CD45 FCGR2B Hifla Lrrk2 Nrda2 SCD1 Tpml
Atp7a CD68 Fnl Hmox1 Mapt Osginl Sdha Trp53
Atrn CD74 Fos Hprt Mgmt OSMR SERPINA3IN Trpm2
Bad CD84 Fxn Hspbl MMPI12 Oxrl Sirtl Txnll
Bcl2 Cdk2 GFAP Htra2 Mmpl4 Park7 Sire2 Txnrdl
Bdnf | CLEC7A Gnaol Idhi MPEGI Parpl Slc8al TYROBP
BLNK Cin8 Gpr37 1l1b Mutyh Pdgfib Snca Ubc
Bnip3 CTSS Gsk3b 1l1rl Ncfl Pinkl Sodl Ubqinl
C3 Cybb Gsr IL2RG Nefh Pla2g4a Sod2 Vegfa
C3A4R1 Cycs Gss 16 Nfe2i2 Ppargcla Sod3 Xbpl
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gene. A Benjamini-Hochberg correction using a false discovery rate of
0.2 filtered out random significance due to the many genes tested.

2.11. Neurophysiology recordings and analysis

Animals were placed under isoflurane anesthesia inside of a Faraday
cage and connected to a head-stage for high-impedance electrodes
(Plexon Inc., Dallas, TX, US). Neurophysiological data was recorded
twice per week for 10 min at a sampling rate of 40 kHz (OmniPlex
Neural Recording Data Acquisition System, Plexon Inc., Dallas, TX, US)
for 9 weeks after implantation. Data was then filtered offline (Offline
Sorter, Plexon Inc., Dallas, TX, US) using a high-pass filter followed by a
low-pass filter between 300 and 3000 Hz (4-poles, Butterworth filters).
Data were digitally referenced to the common average across channels
to remove pulse and breathing artifacts, as well as any other common-
mode noise. Individual spikes were detected using a -4c threshold of
the root-mean square, automatically sorted using K-means, and manu-
ally validated. Calculations of outcome metrics were performed using
custom code with MATLAB R2021a (Mathworks, Natick, MA, US) to
determine the active electrode yield which was calculated as the pro-
portion of total electrode sites that captured at least one single unit. The
spike rate was defined as the inverse of the median interspike interval
per unit during every recording session. The peak-to-peak voltage (V;,)
was calculated as the sum of the peak and trough values of each
ensemble-derived unit waveform. The noise floor was calculated as the
root-mean square of the channel after removing spike waveforms.
Finally, the signal-to-noise ratio (SNR) of each unit was calculated as the
Vpp divided by the noise level. Data were binned by averaging the results
together into three phases — previously defined by the natural evolution
of the foreign body response [62]: acute neuroinflammation between
the time of implantation up to 5 weeks, sub-chronic phase between 6 and
11 weeks, and a chronic phase between 12 and 16 weeks. For individual
electrode sites that had more than one unit, the Vpp, noise floor and SNR
for all detected units were averaged together to yield a single value for
each recording session. Based on the 2 mm depth of implantation for the
present study, the five most superficial electrode sites lie within the
cortical layers L2/3 and L4 (<950 pm depth), the next six electrode sites
lie within the cortical layer L5 (<1500 pm depth) and the five most deep
electrode sites within cortical layer L6 (<2000 pm depth) [63]. In
addition to the bulk analysis of signal quality per electrode site, to
further validate this method, we stratified our results into three different
cortical depths: superficial, middle, and deep to homogenize the ex-
pected response. This stratification method also accounts for
micron-scale variability of motor cortex layer between subjects and
implantation locations to avoid vasculature. Finally, to further confirm
observations, we conducted a comparison recalculating the statistical
analysis with each MEA counting as an experimental unit for the phase
that showed the largest difference between groups upon single electrode
site analysis.

2.12. Electrochemical impedance spectroscopy (EIS) measurements in
vivo

Once per week, animals were placed under isoflurane anesthesia
inside of a Faraday cage prior to acquisition of electrophysiological re-
cordings to monitor the changes in electrode performance via electro-
chemical characterization. Electrochemical Impedance Spectroscopy
(EIS) was performed with a CH Instruments Electrochemical Analyzer
604E (Bee Cave, TX, US) consisting of each electrode site as the working
electrode, and the anchor stainless steel screws on the skull as counter
and reference electrodes. EIS was performed over a range of 1-10° Hz
(12 points per decade) using a 10 mV RMS sinusoidal voltage.

2.13. Statistical analysis

RStudio 2023.06.1 + 524 (RStudio, PBC, Boston, MA, US) was used
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to curate the compiled data for analysis. GraphPad Prism 10 (Version
10.0.2(232) Dotmatics, Boston, MA, US) and Excel (Microsoft Corpo-
ration, Redmon, WA, US) were used to conduct statistical analyses as
follows: 1) a Shapiro-Wilk test was done to test for normal distributions,
2) a one-way ANOVA followed by a Tukey post-hoc test was used to
compare variables with normal distributions, whereas a Kruskal-Wallis
test followed by 3) Benjamini-Krieger-Yekutieli test for multiple com-
parisons was used for non-normal distributions. The Benjamini-Krieger-
Yekutieli test was selected to increase statistical power and reduce type I
errors. For immunohistological analysis, a standard Student’s t-test was
used to compare each distance from the implant site within groups. A
two-sample z-test of proportions was used to calculate statistical dif-
ferences in the proportion of active electrodes between groups at each
acute, sub-chronic and chronic phase. In all cases, statistical significance
was defined as p < 0.05 unless otherwise noted. Electrode sites that did
not record single units for the entire recording period post-implantation
were excluded from the analysis because they may have been defective
prior to implantation. Individual wells were considered the experi-
mental unit for the cytotoxicity live/dead assays; tissue from each probe
for the immunohistological analysis; and each electrode site for the
neurophysiological performance of MEAs (with additional validation
calculated with device as the experimental unit, and stratification per
cortical layer depth). All results are reported as mean =+ standard error
of the mean (SEM). Whiskers in boxplots represent the minimum and
maximum values, the box represents the first and third quartiles and the
horizontal line represents the median. Violin plots represent the distri-
bution of the data.

3. Results
3.1. Effect of sterilized MnTBAP-coated surfaces on cellular viability

In this study, MnTBAP-coated glass coverslips were evaluated with
two different cultured cell lines. After 24 h of incubation, we analyzed
the proportion of live-to-dead cells to assess the cytotoxicity of the
coatings after different sterilization methods. All variables were found to
be normally distributed as per the Shapiro-Wilk test (p > 0.05) and the
one-way ANOVA revealed statistical differences between the positive
control and all sterilization methods (p < 0.0001), but not within
methods. Results in Fig. 1A-B showed that the percentage of dead NIH/
3T3 fibroblast cells was similar for MnTBAP-coated surfaces for all
sterilization methods (1.61 + 0.23 %, 1.07 + 0.18 %, 0.76 &+ 0.18 %,
and 1.23 + 0.33 % for ethanol, dry heat, ethylene oxide and autoclave,
respectively) and did not differ statistically from the cell viability posi-
tive control (0.73 £ 0.12 %; post-hoc Tukey test p-values in Table 2).
This indicates that the coating methodology and subsequent sterilization
techniques do not cause acute cytotoxicity that could be harmful upon
implantation. In contrast, all were statistically significant compared to
the cell viability positive control (p-values in Table 1).

As shown in Fig. 1C-D, the effect of sterilized MnTBAP-coated sur-
faces on microglia/macrophage cell viability was like that which were
observed with NIH/3T3 cells. A one-way ANOVA revealed statistical
significances between the positive control and all sterilization methods
(p < 0.0001), but not amongst sterilization methods. Post-hoc testing
revealed that the percentage of dead cells was statistically similar (post-
hoc Tukey test p-values in Table 2) across all sterilization methods (3.22
+ 0.88 %, 1.59 + 0.30 %, 1.94 + 0.67, and 4.10 + 1.67 % for ethanol,
dry heat, ethylene oxide and autoclave, respectively) and the cell
viability positive control (4.40 + 1.14 %). In contrast, all were statisti-
cally significant compared to the cell viability positive control (p-values
in Table 3). Together these results show that MnTBAP coatings that have
undergone sterilization, are not cytotoxic and may be acceptable for in
vivo evaluation. Ethylene oxide sterilization was implemented as the
sterilization technique as it is the preferred method for standard labo-
ratory implantations made with non-coated MEAs.
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Fig. 1. Cytotoxicity of MnTBAP-coated surfaces sterilized via different methods. Live/dead assay after 24 h incubation on (A) fibroblasts (NIH/3T3) showing cell
viability for uncoated positive control (glass only; all live cells), uncoated negative control treated with 70 % MeOH after cell seeding (all dead), MnTBAP-coated and
sterilized prior to cell seeding via ethanol, dry heat, ethylene oxide, and autoclave show (B) no significant levels of dead cells for any sterilization method on coated
surfaces compared to uncoated controls for NIH/3T3 cells. Same live/dead assay on (C) microglia/macrophage cells (HAPI) after 24-h incubations show similar
results (D) for all sterilization methods. Green denotes live cells whereas magenta denotes dead cells. Scale bar = 100 pm. Data reported as Mean + SEM. Significance
levels: ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. N = 18, equally distributed among groups (n = 3 per group). Fluorescent red channel was
replaced with magenta to provide a color-blind safe palette. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Table 2

Tukey test p-values for cytotoxicity of MnTBAP-coated surfaces sterilized via
different methods on NIH/3T3 fibroblasts (post-hoc p-values were adjusted for
multiple comparisons via the Tukey test method).

Positive Negative Ethanol Dry Heat ETO
Ethanol <0.0001 0.071
Dry Heat <0.0001 0.910 0.326
ETO <0.0001 0.999 0.086 0.945
Autoclave <0.0001 0.497 0.758 0.961 0.564
Table 3

Tukey test p-values for cytotoxicity of MnTBAP-coated surfaces sterilized via
different methods on HAPI microglia/macrophages (post-hoc p-values were
adjusted for multiple comparisons via the Tukey test method).

Positive Negative Ethanol Dry Heat ETO
Ethanol <0.0001 0.947
Dry Heat <0.0001 0.334 0.824
ETO <0.0001 0.469 0.925 0.999
Autoclave <0.0001 0.999 0.985 0.453 0.604

3.2. Effect of MnTBAP-coated probes on the acute neuroinflammation
and neuronal viability

3.2.1. Glial scar formation and blood-brain barrier permeability

Implantation of silicon-based microelectrode arrays can lead to
neuroinflammation and recruitment of microglia, macrophages and
activated astrocytes around the implant site, leading to encapsulation of
the neural interface [64]. Microglia and macrophages facilitate accu-
mulation of reactive oxygen species and other pro-inflammatory mole-
cules, contributing to the failure of the interface [16,19,20,65]. Results
in Fig. 2, (all normally distributed; p > 0.05), show the neuro-
inflammatory effect of MnTBAP-coated probes (left) compared to un-
coated controls (right). Fig. 2A-B highlights the expression and spatial
distribution of reactive astrocytes (Glial Fibrillary Acidic Protein; GFAP)
surrounding the implant site (dashed). We found that the use of
MnTBAP-coated probes significantly decreased GFAP expression in the
immediate region of interest (0-50 pm) from the implant site compared
to the uncoated controls (p = 0.03), suggesting an improvement on the
glial scar formation as early as 2 weeks post-implantation (during the
acute phase). As expected, we did not find statistical differences at
further distances from the implant site. No significant changes were
observed in either macrophage expression (CD68; Fig. 2C-D) nor
immunoglobulin G (IgG; Fig. 2E-F) at any distance from the implant site.
Together, these results suggest that while accumulation of GFAP
expressing astrocytes is diminished with MnTBAP-coated MEAs, there is
neither a change to the accumulation of macrophages around the
implant site nor the blood-brain barrier permeability.

3.2.2. Neuronal nuclei viability

In addition to glial scar formation and blood-brain barrier perme-
ability, we assessed the neuronal nuclei cell counts around implanted
MnTBAP-coated and uncoated control probes. The goal of the MnTBAP
coatings is to minimize the accumulation of reactive oxygen species,
which should reduce neuronal cell loss. Fig. 2G-H shows the normalized
neuron cell count, which was found to be normally distributed (Shapiro-
Wilk; p > 0.05), at different distances from the implant site. There were
no significant differences between MnTBAP-coated and control MEAs at
any distance. These results indicate that 2 weeks post-implantation,
MnTBAP coatings did not alter neuronal density loss around the
implant site. However, there may be differences in NeuN expression for
MnTBAP-coated devices at later times post-implantation.
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3.3. Electrochemical assessment of MnTBAP-coated MEAs

Our previous electrochemical characterization of MnTBAP-coated
and uncoated MEAs revealed no significant differences in vitro for the
impedance magnitude at 1 kHz for functional devices [41]. Here, we
evaluated the in vivo electrochemical impedance spectroscopy weekly
for all electrode sites and binned the data into the acute (1-5 weeks),
sub-chronic (6-11 weeks) and chronic (12-16 weeks) periods. Fig. 3
shows the quantitative analysis of the impedance magnitude (non--
normally distributed as per Shapiro-Wilk test; p < 0.05) at 1 kHz. Results
revealed significant differences (p < 0.0001 as per Kruskal-Wallis test)
between groups for all three acute, sub-chronic and chronic periods. We
found that there were statistically significant differences between the
impedance magnitude of MnTBAP-coated and uncoated devices during
the acute (1.44 4 0.06 MQ for MnTBAP-coated, and 1.69 + 0.07 MQ for
uncoated; p = 0.003), sub-chronic (1.00 + 0.05 MQ for MnTBAP-coated
and 1.31 £+ 0.06 MQ; p < 0.0001) and chronic (0.76 + 0.03 MQ for
MnTBAP-coated and 1.15 + 0.06 MQ; p < 0.0001) phases. In addition,
both type of arrays showed a significant decrease (p < 0.001) from the
acute to the sub-chronic and chronic time points. Despite these statis-
tical findings, the change in values for impedance magnitude at 1 kHz do
not represent substantial functional differences for the electrode sites
because the order of magnitude remains unchanged.

3.4. Effect of MnTBAP-coatings on neurophysiological recording
performance of MEAs

Both MnTBAP-coated and uncoated MEAs demonstrated the ability
to record spontaneous neural activity from M1 under anesthesia. Ex-
clusions of individual electrode sites from analysis due to not recording
any single units for the entire period post-implantation were comparable
between groups (p = 0.59): a total of 16 electrode sites were excluded
from uncoated devices (2.0 + 0.6 electrode sites per device) were
excluded; 14 electrode sites from coated devices (1.6 + 0.5 electrode
sites per device); and 8 from APTES-functionalized devices (1.14 + 0.5
electrode sites per device). A summary of the total electrode sites
excluded per phase can be found in Supplementary Table S1. Fig. 4
shows representative neurophysiological recordings from MnTBAP-
coated and uncoated MEAs during three sessions at different post-
implantation time-periods. From these representative traces, it is
apparent that coating MEAs with MnTBAP results in a higher number of
units per electrode and a higher spike rate. Quantitative analyses shown
in Figs. 5 and 6 confirmed these observations (all variables were non-
normally distributed as per Shapiro-Wilk test).

In Fig. 5, the proportion of active electrodes was found to be com-
parable (two-sample z-test of proportions) between groups upon im-
plantation (MnTBAP: 46.6 % vs. Uncoated: 55.0 %; p = 0.89) and
observed a quick increase by week 2 (MnTBAP: 67.7 % vs. Uncoated:
80.4 %), where uncoated devices had a significantly higher proportion
(p = 0.01); however this trend reversed and for almost every week be-
tween weeks 7 and 14 MnTBAP-coated devices (ranging between 60.0 %
and 74.6 %) had a significantly (p < 0.05) higher proportion of active
electrodes compared to uncoated controls (ranging from 50.9 % to 58
%). The last two weeks of recordings showed a convergence of the
proportion of active electrodes between groups (MnTBAP-coated: 60 %
and Uncoated: 66 % by the end of the 16 weeks; p = 0.83). We recorded
week 17 from a subset of animals (MnTBAP-coated: n = 4, Uncoated: n
= 4) and found a transient increase for coated devices (75 %) but not for
uncoated devices (63 %). We did not conduct statistical analysis on this
week due to the small sample size. From the weekly analysis of these
results, we observed week-to-week variations, perhaps biological in
nature or due to subtle differences in animal handling or timing during
the day of recording sessions. Because of this, we decided to bin the data
(Fig. 5B) into three phases: acute (1-5 weeks), sub-chronic (6-11 weeks)
and chronic (12-16 weeks), which are consistent with described tem-
poral changes following implantation of intracortical microelectrode
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Fig. 2. Effect of MnTBAP-coatings on tissue two weeks after intracortical MEA implantation. Representative images of immunohistology and distribution profiles
from the center of the implant site (white dashed line) for (A-B) astrocytes (GFAP) showed significant differences between Coated (left) and uncoated (right) controls
only within 50 pm. In contrast, (C-D) activated microglia and macrophages (CD68), (E-F) blood-brain barrier breach (IgG), and (G-H) neuronal nuclei (NeuN)

showed no significant differences at two weeks. Scale bar = 200 pm. Data reported as Mean + SEM. Significance levels: ns p > 0.05, *p < 0.05, *

0.001, ****p < 0.0001. N = 3.

arrays [66-68]. We included the analysis of APTES-functionalized de-
vices to further assess the possibility that the intermediate treatment
steps performed to coat devices (e.g., cleaning and APTES coating) may
contribute to any effect observed between groups. Results confirmed the
previous results, where the proportion of active electrodes was compa-
rable for all groups during the acute phase (Uncoated: 70 %, MnTBAP:
66.9 %, and APTES: 71.2 %; p > 0.05). The uncoated controls showed a
decline between the acute and sub-chronic (50 %; p = 0.001), and

**p < 0.01, ***p <

chronic (58 %; p = 0.03) periods but no change between sub-chronic and
chronic (p = 0.88). The MnTBAP remained largely stable between all
three phases with no significant changes (p > 0.05). In contrast, the
APTES-functionalized devices experienced a decline between the acute
to sub-chronic (54 %; p = 0.002), and between the sub-chronic to
chronic (26 %; p < 0.0001) phases. Interestingly, the most catastrophic
decline for this group was observed between the sub-chronic and
chronic phases (p < 0.0001). These results suggest that MnTBAP is
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Fig. 3. Invivo electrochemical impedance spectroscopy. Representative traces for a single electrode site during the (A) acute (top) sub-chronic (middle), and chronic
(bottom) period post-implantation. (C) Violin and boxplots of the impedance magnitude at a frequency of 1 kHz. Horizontal line of the boxplot represents the median
and the whiskers represent the maximum and minimum points; width of the violin plots represents data distribution. Significance levels: *p < 0.05.

capable of stabilizing the proportion of active electrodes over chronic
implantation periods, and the effects are not a result of functionalization
of electrode surfaces by APTES. As a secondary validation of our
methodology, we conducted a comparison recalculating the statistical
analysis with each MEA counting as an n = 1 for the sub-chronic phase.
The sub-chronic phase was selected due to this phase demonstrating the
largest difference between groups upon single electrode site analysis.
Results confirmed our previous observations, where the difference be-
tween uncoated and MnTBAP groups was statistically significant (p =
0.02).

Because of glial scarring, neuronal density and neurophysiological
recordings may not be homogeneous along the cortex but rather layer-
specific, we furthered our analysis by stratifying our results into three
different cortical depths: superficial (L2/3 & L4), middle (L5), and deep
(L6) to homogenize the expected response, as shown in Fig. 5C. A weekly
breakdown of these results can be found in Supplementary Fig. 1. Un-
surprisingly, results showed that there was a lower proportion of active
electrodes in the deeper electrode sites, presumably due to lower
neuronal density. However, improvement of proportion of active elec-
trodes as a result of using MnTBAP-coated devices was consistent
regardless of the depth of implantation; MnTBAP-coated devices showed
consistent proportion of active electrodes throughout the study, while
the uncoated devices showed a decline, especially between acute and
sub-chronic phases post-implantation. Finally, the average number of
units detected per electrode site was consistent with the observations
described for the proportion of active electrodes, suggesting that the
number of active neurons around the implant site is preserved in
MnTBAP-coated MEAs compared to uncoated controls over the im-
plantation period and further supports the use of MnTBAP coatings on
MEAs.

Analysis of neurophysiological recording (all variables were non-
normally distributed) quality revealed a similar median spike rate
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(Fig. 6A) as per the Kruskal-Wallis test followed by the Benjamini,
Krieger and Yekutieli post-hoc test between groups during the acute
(Uncoated: 6.57 + 0.45 1/s, MnTBAP-coated: 6.88 + 0.53 1/s; p > 0.05)
and chronic (Uncoated: 5.99 + 0.58 1/s, MnTBAP-coated: 6.76 + 0.62
1/s; p > 0.05) phases, but statistically different during the sub-chronic
phase (Uncoated: 4.79 + 0.39 1/s, MnTBAP-coated: 6.88 + 0.54 1/s;
p = 0.04). In addition, the uncoated controls experienced a significant
decrease between the acute and sub-chronic phases (p = 0.04), whereas
the rate remained constant for the MnTBAP-coated units (p > 0.05),
suggesting a stable median spike rate after implantation. As shown in
Fig. 6B, the Vp, of active channels (i.e., excluding channels that did not
detect single units for at least 50 % of the weeks in the phase bin; see
Supplementary Table 1 for sample sizes) significantly decreased post-
implantation for both groups (p < 0.05), suggesting that the MnTBAP
was not protective against loss of signal amplitude. The RMS noise floor
of active electrodes shown in Fig. 6C (p < 0.001 as per Kruskal-Wallis)
was statistically lower for MnTBAP-coated for all three phases (acute:
7.55 £ 0.19 pV, sub-chronic: 6.24 + 0.22 pV, and chronic: 6.02 + 2.19
1V) compared to uncoated devices (acute: 8.84 + 0.18 pV, sub-chronic:
7.48 £ 0.26 pV, and chronic: 6.69 + 0.22 pV; p < 0.0001, p < 0.0001,
and p = 0.005, respectively); however, both groups experienced a
decrease throughout the study. Due to the comparable V;, and signifi-
cant differences in the noise floor, the changes in SNR (Fig. 6D) were
found to be statistically significant for all three phases between
MnTBAP-coated (acute: 11.21 + 0.38, sub-chronic: 10.88 + 0.35, and
chronic: 10.30 & 0.34) and uncoated devices (acute: 9.73 & 0.21, sub-
chronic: 8.83 + 0.19, and chronic: 8.83 + 0.17; p = 0.03, p < 0.0001,
and p = 0.001, respectively). In addition, The SNR decreased for the
uncoated devices between the acute and sub-chronic (p = 0.004), and
chronic (p = 0.005) phases but not between sub-chronic and chronic (p
> 0.05). In contrast, the SNR of MnTBAP-coated devices remained stable
between all three phases (p > 0.05). Altogether these results suggest that
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Fig. 4. Neurophysiological recordings of coated and uncoated probes during
the acute (1-5 weeks), sub-chronic (6-11 weeks), and chronic post-
implantation periods (12-16 weeks). Representative recordings and single
units single channels during the acute (A) sub-chronic (B) and (C) chronic pe-
riods for coated (top) and uncoated (bottom) MEAs showing raster plots (under
recording) and average single units detected (right).

the MnTBAP coating on intracortical MEAs have a positive effect on the
recording quality and performance of electrode sites that demonstrate a
stable signal quality over chronic implantations.

3.5. Effect of MnTBAP-coated probes on the chronic neuroinflammation
and neuronal viability

3.5.1. Assessment of neuroinflammatory gene expression
To understand the neuroinflammatory and oxidative stress response
in the brain, we performed experiments with a third cohort of animals
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that received non-functional implants of each type: uncoated control,
APTES-coated, and coated (MnTBAP-coated). In this third cohort, ani-
mals survived for 2-, 7-, or 11- weeks post-implantation. We performed
pair-wise comparisons between treatment groups to understand relative
differential gene expression levels between the groups. Rather than
using histological markers, as we initially did for the first cohort, we
developed a custom gene expression panel with 152 genes associated
with neuroinflammatory and oxidative stress pathways (Table 1). Here,
our results from bulk gene analysis based on log2(fold change) of un-
coated control vs. APTES, uncoated control vs. MnTBAP-coated, and
APTES vs. MnTBAP-coated for each of the three defined time points.
Comparisons that did not demonstrate significant levels of differential
gene expression between the groups were not presented here. Only three
comparisons demonstrated significant differences in differential gene
expression for the gene sets that we examined (Fig. 7).

Fig. 7A shows that two genes were differentially expressed between
APTES-coated and MnTBAP-coated implant groups at 2 weeks post-
implantation. Specifically, Prostaglandin-Endoperoxide Synthase 2
(Ptgs2) was significantly upregulated in the MnTBAP-coated group
compared to the APTES-coated at 2 weeks post-implantation. Ptgs2 is a
protein encoding gene, responsible for regulating the expression levels
of antioxidative enzymes [69]. Thus, increased Ptgs2 expression would
suggest increased antioxidative enzyme production for MnTBAP-coated
devices compared to the APTES-coated devices. Additionally, in the
same comparison, Solute Carrier Family 8 Member 1 (Slc8al) was
differentially upregulated in the APTES-coated group compared to the
coated group at 2 weeks post-implantation. Slc8al has been shown to be
required for amplifying inflammatory and antimicrobial M® responses
[70]. Taken together, the gene expression results confirm the above
histological results in suggesting that the APTES-coated group is more
inflammatory activated than the MnTBAP-coated group at 2 weeks
post-implantation.

At 11 weeks post-implantation, we found two genes to be signifi-
cantly differentially expressed in the uncoated control vs. MnTBAP-
coated implants comparison. Both Sirtuin 2 (Sirt2) and Glutathione S-
Transferase Pi 1 (Gstpl) were differentially increased in expression
levels in the uncoated control group compared to the MnTBAP-coated
group (Fig. 7B). Gstpl has been reported to prevent sepsis-related
inflammation [71] and it has also been shown that increased Gstpl
expression is a cellular responses to oxidative stress or proinflammatory
stimuli [72]. Sirt2 has been shown to inhibit the transcription of
pro-inflammatory genes [73], and inhibit growth cone collapse and
neurite outgrowth [74,75]. Therefore, the neuroinflammatory gene
expression profile for MnTBAP-coated devices is more favorable than
that associated with uncoated control devices.

3.5.2. Qualitative assessment of traditional neuroinflammatory markers
To complement the robust evaluation of neuroinflammatory gene
expression performed on 2-, 7-, and 11-weeks post-implantation sam-
ples, representative animals of the second cohort were selected for more
traditional immunohistochemical staining to assess the 16-week time
point. Tissue from one animal implanted with an uncoated control MEA
and one animal implanted with a MnTBAP-coated MEA was stained for
common markers of neurons (NeuN), blood-brain barrier damage
(immunoglobin G infiltration, IgG), microglia activation (cluster of
differentiation 68, CD68), and astrocytic scaring (glial fibrillar acid
protein, GFAP). Stained tissue was imaged on a confocal microscope and
is displayed here for qualitative assessment only (Supplementary Fig. 4).
Neuronal density was assessed with NeuN suggests that neurons
were equally as close to the implant surface in both uncoated controls
and MnTBAP-coated implants. There also appears to be more NeuN
positive cells in the surrounding 50 pm radius of the uncoated control
implants than the MnTBAP-coated implants. In the animals that we
examined; blood-brain barrier permeability (IgG expression) appears to
be more pronounced in the coated animal compared to uncoated control
animal. Likewise, microglia/macrophage activation (CD68 expression)
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Fig. 5. Quantification of coated and uncoated intracortical MEAs performance. (A) Weekly proportion of active electrodes in uncoated and coated devices 16 weeks
post-implantation and (B) binned to summarize findings as they relate to progression of the neuroinflammatory process as acute (1-5 weeks), sub-chronic (6-11
weeks), and chronic (12-16 weeks) periods post-implantation. Inset (C) is the analysis of proportion of active electrodes with grouping by cortical depth; superficial
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layer 6. (D) Number of single units detected per electrode site binned into acute, sub-chronic and chronic periods post-implantation. Significance levels are as

following ns p > 0.10, + p < 0.10; *p < 0.05.

shows a lower presence in the control uncoated animal with higher
levels around the implant site in the MnTBAP-coated implant animal.
However, astrocytic scarring (GFAP expression) indicates higher gliosis
immediately around the implant in the uncoated control implanted
animal, whereas the MnTBAP-coated implanted animal demonstrated a
lesser response at the implant site. Taken together, these results suggest
that the MnTBAP coating is able to reduce the astrocyte contribution to
the glial scar around the implant, and still maintain neurons close to the
implant site, which contributes to our understanding of the noted im-
provements observed on the neural recording signal quality.
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4. Discussion

Implantation of MEAs initiates a neuroinflammatory cascade and
produces reactive oxygen species, which may contribute to the failure of
neural interfaces. However, this phenomenon is likely a multifactorial
consequence [76]. Recent evidence [19,29-31] has demonstrated that
the use of natural antioxidants can modulate the neuroinflammatory
cascade by reducing the accumulation of reactive oxygen species. In the
current study, we have demonstrated that coating MEAs with MnTBAP
can provide stable recording quality over chronic (up to 16 weeks) pe-
riods of implantation while reducing glial scar formation around the
implant site as soon as 2 weeks post-implantation and reduced the
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differential expression of neuroinflammatory genes at 11 weeks
post-implantation, in the middle of the stretch of time with consistently
improved recording performance for MnTBAP-coated devices. In
contrast, uncoated control devices experienced a loss signal quality over
time, consistent with results throughout the field.

4.1. The effect of MnTBAP coatings on astrocytes, macrophages,
microglia, and neurons

The 2-week histology here showed lower levels of reactive astrocytes
as measured through GFAP expression (Fig. 2A-B) for MnTBAP-coated
implants compared with uncoated control implants. Qualitative
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analysis of 16-week histology continued to show lower levels of reactive
astrocytes around the implant site (Supplementary Fig. 4). This is
important because, upon implantation of MEAs, macrophages and
microglia respond to the localized injury and presence of a foreign body
changing from an anti-inflammatory to a pro-inflammatory state
[77-79]. Inflammatory microglia facilitate the recruitment of astrocytes
to the implant site within a few hours [80]. Glial cells in the reactive
state increase expression of reactive oxygen species, cytokines, other
pro-inflammatory mediators, and neurotoxic factors. Reactive glial cells,
which act as intercellular messengers under normal circumstances [81],
are not capable of carrying their normal functions, further altering the
microenvironment by exacerbating expression of reactive oxygen
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species, and resulting in homeostasis loss [80,82]. Such loss of homeo-
stasis in the microenvironment results in negative effects on the excit-
ability of neurons around the implant site, which could result in a
decrease in spiking rate of neighbouring neurons [80,83-86]. In addi-
tion, it has been shown that formation of the glial scar is associated with
changes in electrochemical impedance and worsening of the quality of
the recorded signals [80,87-91]. These effects contribute in part to
failure of the interface, resulting in loss of the signal quality over time
and neuronal loss. The stability of the signal quality and neuronal ac-
tivity preservation in MnTBAP-coated devices — as shown by the un-
changed proportion of active electrodes, spike rate, and SNR between
phases (Figs. 5 and 6) — could potentially be attributed to mitigation of
the glial scar formation around the implant site that reduce the accu-
mulation of reactive oxygen species local to the implant-tissue interface.
Of importance, we did not assess the oligodendrocyte (e.g., myelination)
expression near implanted electrodes, which has been related to MEA
loss of performance [23,92]. However, the neuroinflammatory gene
expression panel does include several genes that are associated with
neuronal viability.

Microglia and macrophages have been identified as closer to the
surface of the MnTBAP-coated implants than astrocytes. However,
microglia have been shown to be the source of ROS, and could be ex-
pected to be less “impacted” by the presence of an ROS scavenger [93].
Astrocytes and neurons generate less ROS and have more defences
against ROS. Astrocytes even release antioxidants [94]. Therefore, it is
plausible that astrocytes are more effected than microglia by the
MnTBAP coatings.

While NeuN has been successfully used for over 20 years as a marker
for postmitotic neurons [95], concerns still exist about the variety of
reasons that could impact NeuN expression levels. Additionally, GFAP +
astrocytes have also been shown to express NeuN [95]. Therefore, IHC
alone should be interpreted with caution and more robust analysis
should be included, such as gene expression or whole transcriptome
analysis. Considering the field moving in this direction [58,59,96-98],
we have complemented our IHC with additional markers for neuron
viability utilizing a custom gene array panel, Table 1.
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4.2. The effect of MNTBAP coatings on the blood-brain barrier

Another concern during implantation of intracortical MEAs has been
interference of normal oxygenation resulting from vascular damage that
mimics localized ischemic (in the case of vascular occlusion from ther-
mal damage from drilling or cortical dimpling during insertion [99,
100]) or haemorrhagic stroke (in case of artery or vein rupture during
insertion) both of which can disrupt the blood-brain barrier [19,101].
Disruption of normal oxygenation can exacerbate accumulation of
reactive oxygen species because by-products originating from the
breakdown of blood infiltrate brain tissue from the disrupted
blood-brain barrier [11,99,102-105]. Interestingly, blood-brain barrier
permeability resulting from such disruption can not only be seen during
the acute phase, but also during the sub-chronic and chronic phases [14,
102]. Such permeability changes the composition of the immediate
microenvironment [102], which can lead to adsorption of these reactive
oxygen species and inflammatory molecules to the materials of the ar-
rays (e.g., metals, silicon, polymers which are relatively hydrophobic
[106-109]), perpetuating the neuroinflammatory cascade resulting in
subsequent breakdown of the blood-brain barrier, neurodegeneration,
and demyelination [11,12,49]. Such events are further evidenced by
previous investigations [16,64] which have uncovered that astrocytic
expression around stab wounds of the same dimensions as MEAs (e.g.,
intracortical implantation of MEA immediately followed by device
removal) resolve within 4 weeks post-injury, but not in sub-chronic
implants (e.g., implant not removed after insertion). Here, we found
infiltration of IgG after implantation of MnTBAP-coated devices, indi-
cating that MnTBAP coatings cannot mitigate the disruption of the
blood-brain barrier. It was not unexpected that blood-brain barrier
permeability resulting from the trauma of implantation was unaffected
at an acute timepoint post-implantation as the coating is not designed to
protect against blunt and sharp trauma.

4.3. Implications of MnTBAP coatings on the fate of the neuronal
recordings

The persistent neuroinflammatory response associated with intra-
cortical MEA implantation has been documented to reduce neuronal cell
viability, correlated with in a lower proportion of active electrodes, and
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changes to the neurofilament of projecting axons [11,23,64,83,92,110].
Both changes start in the immediate regions to the implant sites ranging
from O pm up to 230 pm [64,102]. The proximity of the neuronal density
to the MEA surface is important because recording from individual
neurons has been experimentally determined to extend up to 140 pm
from the electrode site [24,25]. As seen in Fig. 4, we observed no sig-
nificant differences in NeuN density between MnTBAP-coated and un-
coated probes despite evidence that neuronal death can occur during the
acute phase post-implantation [64,102]. The results of the present study
on the proportion of active electrodes and the number of units support
the notion that MnTBAP coatings have preserved neuronal function.
This is evidenced by the unchanging proportion of active electrodes
between phases for MnTBAP-coated devices and an observed 11 %
decrease in average number of units per electrode site between the acute
and chronic phases for MnTBAP-coated devices compared to 21 %
decrease for uncoated control devices. Furthermore, spike rate is rele-
vant to MEA performance because the implantation of MEAs can affect
not only neuronal viability but also neuronal function [102]. Here, we
demonstrated that the spike rate for MnTBAP-coated devices was sta-
tistically unchanged throughout the implantation period, whilst un-
coated devices experienced a decrease in firing rate, especially between
the acute and sub-chronic phases. Similarly, the SNR was stable for
MnTBAP-coated devices but declined over time for uncoated devices,
especially between acute and sub-chronic phases, suggesting that signal
quality can be preserved by using MnTBAP coatings. Finally, it is
important to note that loss of NeuN positive cell staining can also be a
result of temporary suspension in synthesis due to damage, and not
necessarily loss [111,112]. Therefore, employing transcriptomics to
investigate a complete set of genes associated with neuron viability
[113] as well as investigation of more the chronic response to
MnTBAP-coated MEAs will be critical to establishing a robust under-
standing of the impact and mechanisms associated with improved re-
cordings on MnTBAP-coated MEAs.

4.4. The effect of reactive oxygen species on MEAs

Reactive oxygen species are not only damaging to tissues, but also to
the materials of the MEAs. In the study by Takmakov et al. [20] different
styles of commercially-available MEAs were systemically exposed to
reactive oxygen species at higher than physiologically-occurring con-
centrations (10-20 mM compared to 0.1 pM in homeostasis) of reactive
oxygen species in an accelerated aging study to simulate oxidative stress
(which is estimated to occur at concentrations of 1 mM [114]). The
group found delamination of insulation materials (e.g., Parylene-C, sil-
icon oxide, etc.), causing electrochemical changes associated with an
increase in the exposed surface area of the metal, resulting in a decrease
of the impedance. Kozai et al. [115], Takmakov et al. [20], Black et al.
[116] and Barrese et al. [117] among others, have also found cracks in
the insulation materials which further influence the electrochemical
changes to the MEAs, leading to loss of long-term electrode recording
functionality. Electrochemical impedance profiles shown in Fig. 3 sug-
gest that there were changes between the acute, sub-chronic and chronic
phases; however, the MnTBAP coating did not seem detrimental to
electrode performance, possibly because the magnitude of the changes
was not expected to have a functional effect. Furthermore, here, we did
not evaluate the direct effect of the coatings on the accumulation of
reactive oxygen species; however, our previous studies [16,31,35,51]
have demonstrated a reduction of multiple superoxide anions in vitro
and expect these results to be translatable to the in vivo environment.
Quantitative gene expression identified that uncoated control implants
differentially expressed higher levels of Gstpl and Sirt2 compared to
MnTBAP-coated devices. Sirt2 has been shown to inhibit the transcrip-
tion of pro-inflammatory genes [73], and inhibit growth cone collapse
and neurite outgrowth [74,75]. Either of these two possible conse-
quences of higher Sirt2 expression could contribute to our understanding
of the role of neuroinflammation in decreased microelectrode recording
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performance. Similarly, increased Gstpl expression has been associated
with cellular responses to oxidative stress or proinflammatory stimuli
[72], suggesting that a source of the decreased neuroinflammatory
response to MnTBAP-coated devices could be linked to oxidative stress.

4.5. Other interventions to improve electrode performance

Other investigators have attempted to improve the recording reli-
ability of intracortical MEAs for neuroprosthetic applications. Most
closely related to the current study, Zheng et al. [118] built upon our
preliminary work with MnTBAP coatings [35] to modulate the accu-
mulation of reactive oxygen species using manganese(III)
meso-tetrakis-(N-(2-aminoethyl)pyridinium-2-yl) porphyrin, with suc-
cessful preservation of cell viability. Unfortunately, Zheng et al. did not
report a sustained histological effect beyond one-week post--
implantation, or report on the impact on MEA recording performance.
Previous research by our group examined different interventions to
improve mid- and long-term recordings from intracortical MEAs
including the use of the naturally-derived products resveratrol and
curcumin. Resveratrol was systemically delivered before or daily after
implantation, resulting in short- [29,119] and long-term [19] decrease
of reactive oxygen species, and improvements to neuronal cell density
and improvement of blood-brain barrier instability in spite of mild
injury to liver when administered repeatedly via intraperitoneal route.
We have explored other efforts to develop resveratrol-release devices
that have also low moduli [51,119]. Results suggest that release is
short-lived and the effects of resveratrol quickly disappear. However,
the soft, low modulus of flexible devices appears to provide an added
benefit to neuronal cell preservation. A different delivery mode for
resveratrol that we have investigated is ventricular (brain) delivery
[50]. However, results indicate that this approach may not be ideal as
suggested by an increase of other neuroinflammatory markers.

Building from prior work [35,41] we have demonstrated the use of
this novel superoxide scavenger, MnTBAP, as a MEA coating that can
minimize glial scar formation (Fig. 2A-B), increase the proportion of
active electrodes (Fig. 5A-B), spike rate (Fig. 6A), and overall signal
quality by increasing SNR (Fig. 6D). Our results here suggest that the
modified surfaces provided anti-oxidative activity over the course of 16
weeks post-implantation, as reflected by the improved recording per-
formance. Additionally, in vitro studies with BV-2 microglial cells indi-
cated a significant reduction of intracellular and extracellular reactive
oxygen species when cultured on composite MnTBAP surfaces [35]. A
major advantage of the MnTBAP coating used here is that it is
self-contained without the need for systemic injection of pharmacolog-
ical substances. While the degree of degradation of the MnTBAP coating
that may result from implantation is unknown, the coating appears to
improve recording reliability and future studies will address the impact
of the coating under chronic implantation conditions.

5. Conclusions

The data presented here demonstrate that the MnTBAP coatings are
non-cytotoxic in neural tissue and that they acutely reduce glial scar
formation around an implant site, while chronically reducing the
expression of neuroinflammatory and neurodegenerative genes, coin-
ciding with improvements in improved neural recording quality in the
acute (1-5 weeks), sub-chronic (6-11 weeks) and chronic (12-16 weeks)
neuroinflammatory phases. We concluded that these positive effects
were a direct result of the MnTBAP coating, as this synthetic molecule is
available, and we are not aware of mechanisms for biological or hy-
drolytic degradation. Future studies will assess the integration with
other strategies that reduce the foreign body response such as reduction
of the cross-sectional area and stiffness of the implant.
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