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Reactive Amine Functionalized Microelectrode Arrays Provide
Short-Term Benefit but Long-Term Detriment to /n Vivo Recording

Performance
Brandon S. Sturgill,J‘ Ana G. Hernandez—Reynoso,J‘ Lindsey N. Druschel, Thomas J. Smith,
Pierce E. Boucher, George F. Hoeferlin, Teresa Thuc Doan Thai, Madison S. Jiang, Jordan L. Hess,

Neeha N. Alam, Dhariyat M. Menendez, Jonathan L. Duncan, Stuart F. Cogan, Joseph ]. Pancrazio,*
and Jeftrey R. Capadona*™
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ABSTRACT: Intracortical microelectrode arrays (MEAs) are Chronic /n Vivo Neural Recordings APTES
used for recording neural signals. However, indwelling devices APTES
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result in chronic neuroinflammation, which leads to decreased U Electrodes
recording performance through degradation of the device and Microelectrode W ‘\/\ #units | —
surrounding tissue. Coating the MEAs with bioactive molecules is U ¥ 3 \ %l
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being explored to mitigate neuroinflammation. Such approaches s Noise | -+
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often require an intermediate functionalization step such as (3- SR | —

aminopropyl)triethoxysilane (APTES), which serves as a linker. ~~

However, the standalone effect of this intermediate step has not Gene Expression Analysis APTES

been previously characterized. Here, we investigated the effect of . P~

coating MEAs wit.h APTES by c'ompe?ring APTES-coated to — - ) — g  Inoreased

uncoated controls in vivo and ex vivo. First, we measured water ;

contact angles between silicon uncoated and APTES-coated

substrates to verify the hydrophilic characteristics of the APTES

coating. Next, we implanted MEAs in the motor cortex (M1) of Sprague—Dawley rats with uncoated or APTES-coated devices. We
assessed changes in the electrochemical impedance and neural recording performance over a chronic implantation period of 16
weeks. Additionally, histology and bulk gene expression were analyzed to understand further the reactive tissue changes arising from
the coating. Results showed that APTES increased the hydrophilicity of the devices and decreased electrochemical impedance at 1
kHz. APTES coatings proved detrimental to the recording performance, as shown by a constant decay up to 16 weeks
postimplantation. Bulk gene analysis showed differential changes in gene expression between groups that were inconclusive with
regard to the long-term effect on neuronal tissue. Together, these results suggest that APTES coatings are ultimately detrimental to
chronic neural recordings. Furthermore, interpretations of studies using APTES as a functionalization step should consider the
potential consequences if the final functionalization step is incomplete.

KEYWORDS: coating, microelectrode arrays, motor cortex, neuroinflammation, surface modification

1. INTRODUCTION and degrading signal quality.® The underlying basis for
Intracortical microelectrode arrays (MEAs) offer a means of recording failure includes both degradation of device/material
recording the extracellular bioelectric potentials of neurons for integrity, characterized by cracking of the insulation and
neuroprosthetic applications1 or exploring the functional delamination of conductive traces,”® and a tissue response that

circuitry of the brain in healthy and diseased states.”® These
measured bioelectric potentials can reach up to several
hundred microvolts and have a lower limit dictated by the
recording channel noise. While MEAs are often used for acute
experiments, there is significant interest in devices capable of Received:  October 28, 2023
chronic recording for neuroprosthetic applications.” Unfortu- Revised:  January 8, 2024
nately, the chronic use of commonly available MEA devices is Accepted: January 10, 2024
limited by reduced recording performance or failure over Published:  January 30, 2024
implantation periods ranging from weeks to months, as

characterized by a reduced number of single units detected

exhibits features of neuroinflammation, characterized by glial

scar formation, and oxidative stress that can lead to neuronal
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loss.”” The goal of novel devices is to mitigate the tissue
response and extend the recording performance.

Substantial efforts to develop new MEA architectures
include devices with wultrathin shank dimensions or low
modulus of elasticity materials to create flexible devices
which aim to mitigate the tissue-device mechanical mis-
match.'®™"® In addition, administration of pharmacological
compounds postimplantation have been investigated including
the use of dexamethasone,'*'" resveratrol,'® dimethyl
fumarate,'” and rninocycline.18 Several groups have recently
explored the use of bioactive coatings, with the goal to mitigate
neuroinflammation related to decreased chronic recording
performance. For example, recent investigations have demon-
strated improved chronic recording performance or decreased
tissue response with coatings of dexamethasone loaded
nitrocellulose,"” laminin,** peptides,”’ neurotrophins loaded
polypyrrole,”* and antioxidants.”*** However, the silicon
dioxide surfaces of MEAs may often require an intermediate
functionalization step providing a more reactive surface for
attaching bioactive molecules. For example, He et al. use
polyethylenimine to functionalize the surface of planar silicon
MEAs to initiate the self-assembly of laminin to the surface.*’
Alternatively, silane chemistries have been used in attaching
the L1 neuro-adhesive molecule to silicon substrates used both
in vitro and in vivo>~”’ and to attach an antioxidant
compound to intracortical MEAs.”**® The organosilane (3-
aminopropyl)triethoxysilane (APTES) is often used for this
purpose.””*”~*' APTES molecules form a self-assembled
monolayer, which serves as a reactive linker for a range of
bioactive molecules. This approach has been used to promote
the attachment of antibodies on silicon dioxide-based chips,*”
acetylcholinesterase and choline oxidase onto carbon nano-
dots,” uricase enzyme onto indium tin oxide surfaces®*
bioactive peptides onto polyimide-insulated microwires,”"
extracellular matrix proteins on polydimethylsiloxane surfaces
for neuronal culture,® glucose oxidase onto carbon nano-
tubes,’® and synthetic antioxidants onto microelectrode
arrays.”* There is evidence that modification with APTES
and other compounds with amine functional groups alone can
promote cellular attachment and viability in vitro on materials
including glass,”’ titanate nanotubes,”® conducting polymer
nanofibrous scaffolds,® silicon and silicon dioxide,**~** and
the platinum electrodes of MEAs.””** Interestingly, prior work
suggests that there may be improved coupling, albeit acutely, of
excitable cells to APTES-modified microelectrode sites such
that recorded peak-to-peak amplitude reaches the mV
range.“'44 Although APTES and other silane coatings are
being used as functionalization steps in these studies, their
effect alone on neural recordings has not been characterized
previously in vivo. This is particularly important depending on
the type of molecule being conjugated to APTES function-
alized substrates. For example, biologically derived molecules
can be enzymatically degraded both in vitro and in vivo, which
could result in the intermediate APTES functionalized
substrate being the interface to biological cells and tissue.

The primary purpose of this study was to examine the effects
of APTES coating on the recording performance of silicon-
based laminar MEAs. Uncoated and APTES-coated silicon
laminar MEAs were implanted within the rat motor cortex for
periods that reached 16 weeks. Additionally, in vivo electro-
chemical impedance spectroscopy was performed to assess
changes in the electrical properties of the device tissue
interface.* Nonrecording laminar silicon probes were also
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implanted for additional shorter-duration studies focused on
assessing the neuroinflammatory response to APTES-coated
substrates. Post-mortem, brain tissue was harvested for either
genomic evaluation of the neuroinflammatory response with a
custom 152 gene panel. Our findings revealed a transient
improvement in recording performance during the recordings
performed on the day of surgery. However, after only 1 week in
vivo, the improvements in the APTES group were lost and the
recording performance at later time points quickly declined
compared to controls. Post-mortem analysis of the neuro-
inflammatory response with gene expression analysis demon-
strated a response that would not be promising for chronic
neural recordings for either group, and thus was unable to
provide correlative insight into the ability to maintain singly
units recordings despite differential expression for several
genes at a chronic time point.

2. MATERIALS AND METHODS

2.1. APTES Coating and Contact Angle Measurements.
Square silicon tabs (1 cm X 1 cm, Catalog #1575, University Wafers,
South Boston, MA, USA) and implantable MEAs were coated with
APTES following previously described procedures.””*® Implantable
MEAs used for this investigation were single-shank, 16-channel
laminar silicon devices with silicon dioxide encapsulation (SiO,), and
a silicon substrate. Functional devices were purchased from
NeuroNexus (Al X 16—3—100—177-CM16LP, iridium electrode
sites, NeuroNexus Technologies, Ann Arbor, MI, US). These devices
were divided into two groups: (1) devices coated with APTES (n = 7)
and (2) uncoated silicon devices acting as the untreated control (n =
8). In brief, square tabs and MEAs were first cleaned with 10 min
rinses in the following exposure sequence: 1% Liquinox solution,
deionized (DI) water (x2), acetone, methanol, and isopropyl alcohol.
The square tabs and arrays were then further cleaned with UV ozone
exposure for 18 min and then immediately transferred to a vacuum
desiccator containing APTES in aqueous form. Then, a—74.5 kPa
vacuum was created to enable gas phase deposition of APTES to the
sample surfaces with the modifications detailed previously.*®

Static contact angle measurements were taken on square tabs of
silicon and APTES coated tabs to characterize the surface of each
material and demonstrate the presence of APTES on the surface of
our devices. Briefly, a drop of water (~10 yL) was lowered onto
either a silicon or APTES-coated square tab. A goniometer was used
to measure the angle between the water drop and the substrate on
both sides of the water droplet. Measurements for each drop were
averaged between the two sides, and the measurements were repeated
three times per surface condition to repeat a single value (mean +
SEM) for each substrate.

2.2. Animals and Surgical Implantation. Two cohorts of adult
male Sprague—Dawley rats were used for this investigation. The first
cohort (N = 15), approved by the University of Texas at Dallas
Institutional Animal Care and Use Committee, involved the use of
functional devices for single unit recordings. The second 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 (n 3), 7 (n = 3), or 11 weeks (n = 3)
postimplantation. All animals were implanted with silicon nonfunc-
tional probes. In this study, we focus on comparisons between the
uncoated control versus APTES-coated probes.

For implantation of the first device cohort (functional devices), the
surgical procedure was performed following established protocols.**”
Briefly, adult male rats (275—-530 g) were anesthetized using
vaporized isoflurane (1.8—2.2%) mixed with medical grade oxygen
(500 mL/min; SomnoSuite for Mice & Rats, Kent Scientific
Corporation, Torrington, CT, US). Following removal of scalp fur,
animals were transferred onto a stereotaxic frame (David Kopf
Instruments, Tujunga, CA, US). Vital signs were monitored
throughout the entire surgery and recovery. The animal temperature

https://doi.org/10.1021/acsabm.3c01014
ACS Appl. Bio Mater. 2024, 7, 1052—1063
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Table 1. Complete List of Neuroinflammatory and Oxidative Stress Genes of Interest Utilized in the Study”

Abll C4a Ddit3 Gstal Ins2 Ngfg Prnp Sppl1
Ager C5arl Dnm?2 Gsta2 Ipcefl Ngfr Psenl Src
Aifl Casp3 Dock2 Gstm?2 Irak4 Nme5 Psmb8 Srxnl
Aim2 Casp8 Ehd2 Gstpl Irf7 Nol3 Prgs2 Stx2
Aktl Ccll Ep300 Gucylb3 Itgam Nosl1 Ptpn6 Tbp
Apoe Ccl5 Ercc6 H2-123 Jun Nos3 Pix3 Tnf
App Cces Erlecl Hdac2 Keapl Noxal Rela Tnfrsfla
Arc Cdl4 Fas Hdac6 Lilrb4a Nqgol Rpll3a Tnfrsf25
Atf4 Cd36 Fcerlg Hgf Lpo Nr2f6 Rps18 Torla
Atpl3a2 Cd45 Fcgr2b Hifla Lrrk2 Nr4a2 Scdl Tpml
Atp7a Cd68 Fnl HmoxlI Mapt Osginl Sdha Trp53
Atrn Cd74 Fos Hprt Mgmt Osmr Serpina3n Trpm2
Bad Cds84 Fxn Hspbl1 Mmpl2 Oxrl Sirt] Txnll
Bcl2 Cdk2 Gfap Htra2 Mmpl4 Park7 Sirt2 Txnrdl
Bdnf Clec7a Gnaol Idh1 Mpegl Parpl Slc8al Tyrobp
Bink Cin8 Gpr37 1l1b Mutyh Pdgfrb Snca Ubc
Bnip3 Ctss Gsk3b IlIrl Nefl Pinkl Sodl Ubginl
3 Cybb Gsr 12rg Nefh Pla2gda Sod2 Vegfa
C3arl Cycs Gss 1l6 Nfe2l2 Ppargcla Sod3 Xbpl

“Here, we list the 152 genes examined in rat brain tissue in this study using a combination of custom genes (shown with light green shading) and
preset genes from NanoString (unshaded). Housekeeping genes (used purely for normalization) are highlighted with light red shading.

was maintained using a far-infrared warming pad (PhysioSuite for
Mice & Rats, Kent Scientific Corporation, Torrington, CT, Us).
Following cleaning of the scalp surgical site with alternating betadine
and alcohol swabs, the surgical site was injected subcutaneously with
0.5% bupivacaine hydrochloride (Marcaine, Hospira, Lake Forest, IL,
US). An incision was made at the midline of the scalp and the muscles
and underlying connective tissue were removed. Two stainless steel
1.59 mm O.D. bone anchor screws (Stoelting Co., Wood Dale, IL,
USA) were inserted into the skull to serve as ground and reference for
electrophysiological and electrochemical measurements. A third screw
was inserted for anchoring. A craniotomy of approximately 1 mm X 1
mm was performed over the right primary motor cortex (M1) region,
followed by durotomy to allow for probe insertion. Craniotomy
formation was performed under microscopic observation to minimize
the likelihood of tissue injury and bleeding. Stainless steel reference
and ground wires were wrapped around the two bone screws. Laminar
silicon MEAs, either uncoated or APTES-functionalized were
implanted targeting the motor cortex (M1) to a depth of 2 mm
using a precision-controlled inserter at a rate of 1 mm/sec
(NeuralGlider, Actuated Medical, Inc., Ann Arbor, MI, US). Care
was taken to avoid rupture of surface blood vessels during insertion to
minimize hemorrhaging. After insertion, a dural graft was placed
around the probe (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 head
cap was formed around the implant to secure the device to the skull.
The incision was then closed using surgical staples and the animals
were given 5 mg/kg intramuscular cefazolin (Med-Vet International,
Mettawa, IL, US) as infection prophylaxis, and depending on
availability either 1.2 mg/kg of subcutaneous slow-release buprenor-
phine (ZooPharm, LLC., Laramie, WY, US) or 1.3 mg/kg
subcutaneous extended-release buprenorphine (Ethiga XR, Fidelis
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Animal Health, North Brunswick, NJ, USA) for pain management
every 72 h for S days. Animals were provided sulfamethoxazole and
trimethoprim oral suspension (200 mg and 40 mg per S mlL,
Aurobindo Pharma, Dayton, NJ, US) in their drinking water (1 mL
suspension/100 mL drinking water) for 1 week postimplanta-
&*%%7 For the second cohort, animals were prepared for surgery
and device implantation, as detailed above. Craniotomies of
approximately 1 mm X 1 mm were made +3 mm lateral from
midline and 2 mm anterior/posterior from bregma. Animals were
then implanted with three nonfunctional laminar silicon probes that
were uncoated or APTES-coated, or MnTBAP-coated (not directly
related to the present study), each implanted randomly in different
cortex regions as to not introduce confounding factors. The position
of each of the implant types was varied to find a different craniotomy
site in each animal. After insertion, the durotomy site was sealed with
a layer of Kwik-Cast (World Precision Instruments, Sarasota, FL, US).
A dental cement head cap was adhered to the implant and skull to
ensure that the device remained secured. The incision was closed
using sutures, and the animals were given S mg/kg intramuscular
cefazolin (Med-Vet International, Mettawa, IL, US) as infection
prophylaxis immediately after surgery and then again in the morning
and evening 24 h after surgery. Animals were provided 1 mg/kg of
subcutaneous meloxicam injection for pain management every 24 h
for 2 days.

2.3. Electrochemical Impedance Spectroscopy. Electro-
chemical impedance spectroscopy (EIS) measurements were acquired
(model 604E, CH Instruments, Bee Cave, TX, US) inside a Faraday
Cage once per week in implanted anesthetized animals under 1.5—
2.0% Isoflurane. Measurements were performed by driving a
sinusoidal 10 mV RMS excitation voltage with respect to the
grounding stainless steel bone screw to each electrode site
independently while measuring the elicited current. The impedance

tion.

https://doi.org/10.1021/acsabm.3c01014
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Figure 1. Static contact angle measurements for APTES and uncoated silicon tabs. (A) Representative images for the measurement of the contact
angle of uncoated silicon (top) and APTES-coated (bottom) tabs. (B) Summary of contact angle measurements for multiple uncoated and APTES-
coated substrates (N = 3). Violin plots represent the contact angle distribution for both groups showing the median (dashed line), and first and

third quartiles (dotted lines).

spectra were acquired over a frequency range of 1 to 10° Hz with 12
points per decade.

2.4. Electrophysiological Recordings and Processing. Multi-
channel wideband data (0.1-7500 Hz) were collected (Omniplex,
Plexon, Dallas, TX, US) at a sampling rate of 40 kHz per channel and
recorded twice weekly for 10 min per session on lightly anesthetized
animals using 1.7 to 2.1% isoflurane. Week 1 consists of recordings
done on the day of implantation (day 0) and the first recording
thereafter on day 7. Subsequent weeks are defined as spans of 7 days.
Acquired data were processed using an Offline Sorter (OmniPlex
Neural Recording Data Acquisition System, Plexon Inc., Dallas, TX,
US). First, signals were band passed using a four-pole Butterworth
filter with 300 and 3000 Hz cutoff frequencies, digitally referenced to
the common averaged signal to reduce noise, and artifacts were
removed by invalidation of signals appearing simultaneously on at
least a third of recording channels. Single spikes were detected using a
thresholding method, where voltage deflections of 40y below the
baseline mean were selected as putative neural activity. Single units
were automatically sorted using a two-dimensional principal
component space and K-means clustering, then manually validated.
Performance metrics were then calculated using a custom MATLAB
code (Mathworks, Natick, MA, US) to obtain the weekly proportion
of active electrodes (electrode sites demonstrating single unit
activity), number of units per electrode site, spike rate, voltage
peak-to-peak amplitude (V,,,), noise levels, and signal-to-noise ratio
(SNR) using equations shown in Table S1. The number of units per
electrode site (eq S2) was calculated as the average number of single
units recorded in a week for each nonexcluded electrode site. The
spike rate (eq S3) was calculated as the inverse of the median
interspike interval of each recorded unit in a week per electrode site.
The V,, (eq S4) was calculated as the sum of the peak and trough of
the mean signal amplitude for units recorded at each electrode site.
The noise level (eq SS) for each active channel was calculated by
removing the spikes from the signal and reported as the RMS value.
The SNR (eq S6) was calculated as the V,,, divided by the RMS noise
on the corresponding active channel. Furthermore, values from
multiple recordings during the week were averaged together and
reported as the mean. Single electrode sites that did not record any
single units throughout the entire duration of the study were excluded
from the final analysis. Finally, to reduce week-to-week variations,
which could be biological in nature, due to subtle differences in
animal handling or timing of recording sessions, we proceeded to bin
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the data into three phases: acute (1—5 weeks), subchronic (6—11
weeks), and chronic (12—16 weeks), which largely overlap with
previously reported progression of the neuroinflammatory cascade.***

2.5. Tissue Extraction for Gene Expression Analysis. For the
second cohort, rats were euthanized at 2 weeks postimplantation (n =
3), 7 weeks postimplantation (n = 3), or 11 weeks postimplantation
(n = 3). Animals were anesthetized with intraperitoneal injections of
160 mg/kg ketamine and 20 mg/kg xylazine. Once anesthetization
was confirmed via a firm toe pinch, rats were transcardially perfused
with 1X PBS followed by 30% sucrose in PBS. The volume of each
solution varied between 400 and 800 mL based on weight. The brains
were quickly explanted and placed in a mold filled with the optimal
cutting temperature compound and frozen over dry ice to prepare for
cryoslicing. The brains were stored at —80 °C until cryoslicing. The
cryoslicing consisted of slicing eight 150 um slices through the
cerebral cortex. After each section was sliced, a 1 mm biopsy punch
was taken over the electrode implantation sites. All eight biopsies of
the implant sites were then pooled for each animal and collected in
bead rupture tubes for homogenization.

2.6. RNA Isolation and Gene Expression Assessment.
Homogenized samples were sent to the Gene Expression and
Genotyping Facility at Case Western Reserve University for RNA
isolation.””*** The RNeasy Plus Universal Mini Kit (Qiagen 73404)
was used to isolate the RNA. Nanodrop and TapeStation systems
were used to check the RNA quantity. Samples with concentrations
too low for an nCounter run were concentrated by using a Speedvac.
This isolated RNA was evaluated for the expression of 146 selected
genes of interest, all known markers for oxidative stress or
inflammation.** ™" Additionally, six genes were selected as house-
keeping genes for normalization (Table 1). The isolated RNA was
hybridized with complementary sequences for RNA molecules of
interest that were bound to a specific fluorescent sequence, known as
a barcode. The hybridized samples were run through the nCounter
MAX/FLEX system by NanoString Technologies, which scanned the
samples and quantified the number of fluorescent barcode present.
The instrument outputs the number of each fluorescent barcode
scanned per sample, which corresponds to the number of each RNA
of interest found in each sample.

2.7. Statistical Analysis. RStudio (2023.06.1 + 524, PBC,
Boston, MA, US) was used to prepare data for statistical analysis
using a custom script. Microsoft Excel (Microsoft Corporation,
Redmon, WA, US) was used to calculate a two-sample test of

https://doi.org/10.1021/acsabm.3c01014
ACS Appl. Bio Mater. 2024, 7, 1052—1063


https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c01014/suppl_file/mt3c01014_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c01014/suppl_file/mt3c01014_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c01014/suppl_file/mt3c01014_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c01014/suppl_file/mt3c01014_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c01014/suppl_file/mt3c01014_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c01014/suppl_file/mt3c01014_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c01014?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c01014?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c01014?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c01014?fig=fig1&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.3c01014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

www.acsabm.org

proportions to compare the proportion of active electrodes between
groups. GraphPad Prism 10 (Version 10.0.2(232) Dotmatics, Boston,
MA, US) was used to calculate the statistical analysis as following: a
Shapiro—Wilk test for normality was conducted to determine normal
distribution of data. Linear regression was calculated for the
impedance magnitude and the proportion of active electrodes of
both groups using a least-squares linear regression in GraphPad Prism
with outlier removal using a Robust regression and Outlier removal
methodology with a Q = 1%.>” The slope for each group was then
tested to determine statistical difference from zero using an F-test and
further tested between groups. Then, the slopes of both groups were
compared to each other to determine statistical differences. We
further stratified the proportion of active electrodes to account for
depth differences. We grouped electrodes on lamina L2/3 and L4 of
the motor cortex and labeled as superficial, lamina LS as middle, and
L6 as deep. For non-normally distributed neurophysiological and
electrochemical measurements, a Kruskal-Wallis test followed by a
posthoc Benjamini—Krieger—Yekutieli test to adjust for multiple
comparisons, in order to determine differences between groups at all
time points. For contact angle measurements, an unpaired, two-tailed
parametric ¢ test was conducted to compare uncoated silicon and
APTES-coated surfaces in GraphPad Prism 9.4.1. Unless otherwise
stated, all data are represented as mean =+ standard error of the mean
(SEM). In all cases, p < 0.05 was considered as statistically significant.

Gene expression data was analyzed using the nSolver software
provided by NanoString Technologies. This software inputs the raw
counts from the instrument and allows for normalization, thresh-
olding, ratio calculations, and ¢ tests. First, samples were normalized
using both positive control probes and housekeeping genes to account
for the efficacy of hybridization and the amount of RNA collected.
Genes with fewer than 20 counts in 85% of the samples were
removed. A 2-tailed, unequal variance ¢ test was performed for each
gene and results were visualized on volcano plots. A Benjamini—
Hochberg correction using a false discovery rate of 0.2 was used to
filter out random significance due to the large number of genes
evaluated in this study. Data were visualized by using volcano plots
generated in GraphPad Prism 10.

3. RESULTS AND DISCUSSION

3.1. Contact Angle and Electrochemistry. To character-
ize the effects of surface modification by APTES, static contact
angle measurements were taken from square tabs of silicon and
APTES. Figure 1A shows representative images captured from
contact angle measurements for APTES-coated and uncoated
silicon substrates. A change in contact angle was observed after
APTES coating (Figure 1B), which was found to be statistically
significant (p 0.004; unpaired, two-tailed parametric
Student’s t test); APTES-coated surfaces demonstrated a
contact angle of 63.48 & 1.65° (mean + SEM, — = 3 samples),
whereas uncoated substrates showed a contact angle of 71.59
+ 1.67° (n = 3 samples). These results are consistent with
prior work demonstrating APTES functionalization slightly
increases the hydrophilicity of the substrate.””** The APTES
group introduces a more reactive chemistry, which can be
utilized to further functionalize the substrates.

3.2. Electrochemical Characterization of Functional
MEAs. Electrochemical impedance spectroscopy was per-
formed to assess changes at the neural interface after
implantation throughout the duration of the study. Figure
2A shows representative measurements of impedance
magnitude taken from the same individual electrode site at 3,
9, and 16 weeks postimplantation. The impedance magnitude
for the overall spectra (e.g., 1 to 10° Hz) appeared to be lower
for the APTES group compared to uncoated controls.
Statistical analysis of the impedance magnitude at 1 kHz
(Figure 2B) confirmed these observations. Initially, the
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Figure 2. In vivo electrochemical impedance spectroscopy for APTES-
coated and uncoated control devices. (A) Representative impedance
magnitude for individual electrode sites at weeks 3, 9, and 16 post
implantation; dashed lines indicate the impedance magnitude at 1
kHz. (B) Quantification of 1 kHz impedance magnitude for all weeks
postimplantation with linear regression line. Data are shown as mean
+ SD * p < 0.0S; the horizontal bar on quantification plots indicates
that all time points underneath were found to be statistically
significant between groups.

uncoated devices had an impedance magnitude of 1.92 +
0.17 MQ, while APTES-coated devices showed 1.01 + 0.04
MQ (p = 0.007). Our findings are consistent with prior work
by Wolf et al.>” which has demonstrated that APTES coatings
of platinum electrodes produced a small reduction in
impedance magnitude across a wide frequency range, mainly
due to an increase in effective capacitance for APTES coated
sites. Additionally, linear regressions were used to evaluate
time dependent changes. Linear regression analysis to
impedance magnitude of both groups devices showed a
consistent decline (APTES: y = —0.05x + 0.9, R* = 0.69;
uncoated: y = —0.05x + 1.8, R* = 0.81; difference in slope
between groups p = 0.98) with week-to-week variations that
may be related to data collection. This confirms that slopes of
decrease are similar between groups. Furthermore, changes in
the electrochemical impedance spectrum after implantation
show a decrease for all frequencies. This type of magnitude
decrease has been observed in previous investigations normally
after a few weeks postimplantation.”***> While there may be a
biological contribution to the decreases, it is also possible that
it may be due to leakage pathways on the probe as well as
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back-end circuit bonds and interconnects. Though the offset
between groups was found to be statistically significant, both
were within impedance magnitude levels known to achieve
high-quality recording of single unit activity, and thus do not
represent substantial functional differences.”

3.3. Electrophysiological Recordings. The present study
has examined, for the first time, to the best of our knowledge,
the in vivo effect of APTES coating on implanted MEA
performance and surrounding tissue response in the rat motor
cortex. Our study primarily demonstrates that the APTES
coating can acutely improve extracellular recording from
silicon probes in vivo as shown by statistically significant
increases in both proportion of active electrodes and Vpp for
APTES-coated devices under acute recording conditions.
However, the coating seemed to have only a short-lived
benefit and appeared to be deleterious under chronic recording
conditions. This interpretation is largely supported by a
decrease in the proportion of active electrodes over time and a
statistically significant reduction after week 11 in vivo.

Qualitative observations of both uncoated and APTES
devices demonstrated the ability to record spontaneous single
unit activity from anesthetized animals after implantation
(Figure 3A) and up to at least 9 weeks postimplantation
(Figure 3B). However, during later time points (Figure 3C),
the number of resolvable single units, and recording quality
from APTES devices decreased significantly, as shown by a

(A) Week 2
APTES \\R
100 pV
Uncoated

Mv\

(B) Week 9
APTES W

| \
Uncoated
(€) Week 16 401V
APTES

500 ps

Uncoated

Mo [

Figure 3. In vivo neural recordings of APTES and uncoated devices.
Examples of continuous recordings of filtered data (left), raster plots
(bottom) highlighting occurrence of spikes, and single units (left) for
single electrode sites at 2 (A), 9 (B), and 16 (C) weeks post
implantation. Representative single units are shown as mean + SD.
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reduction in the proportion of active electrodes and a decrease
in the number of units, the V,,, and the overall SNR (Figures
3C and 4). In contrast, uncoated controls appeared to have a
declining, yet more stable signal quality after implantation.
These results suggest a negative effect of the APTES coating
that is detrimental to neuronal function. We then proceeded to
quantify the proportion of active electrodes and the quality of
the signal for the duration of the implantation period.
Electrode sites that did not record a single unit for the entire
duration of the study we excluded, resulting in no significant
differences between groups (p = 0.30); with an average of 1.1
+ 0.5 electrode sites excluded for APTES MEAs and 2.0 + 0.6
electrode sites excluded for uncoated MEAs.

Quantification revealed significant differences in the
proportion of active electrodes between uncoated and
APTES-coated MEAs (Figure 4A). The proportion of active
electrodes for uncoated control devices started at 55% on the
day of surgery and increased to 80% after a week of recovery.
However, it decreased thereafter between weeks 2 and 7 where
it appears to stabilize between 51 and 58% until 15 weeks.
Linear regression analysis further confirmed this observation (y
—0.6x + 63.7; R* = 0.14). In contrast, the APTES-coated
devices exhibited a significantly higher proportion of active
electrodes on the day of surgery compared to uncoated devices
(85% for APTES vs 55% for uncoated, p < 0.0001). However,
unlike uncoated, the APTES-coated devices did not increase
after 1 week of recovery. APTES-coated devices showed an
overall quick and steady decline between weeks 2 (proportion:
77%) and 16 (proportion: 19%) with transient week-to-week
variations. Linear regression confirmed these observations (y =
—3.8x + 80.6; R* = 0.91). No statistical differences (p > 0.05)
were found between APTES-coated and uncoated devices
during 2 and 11 weeks postimplantation. However, differences
were noted between the two groups again from week 12 to
week 16 (p < 0.01) when the APTES devices reached a
proportion of active electrodes of 38% and continued to
decline to 19%. Additionally, the slopes of the linear
regressions between the two groups were significantly different
(p < 0.0001) which further confirms that APTES coated
resulted in a decreased performance over time.

Depth analysis (Figure S1) revealed that the deep layer (L6)
had the lowest proportion of active electrodes throughout the
implantation period. A negative slope is observed for the
APTES devices for superficial (y = —0.6x + 87.1; R* = 0.05),
middle (y = —4.2x + 95.2; R* = 0.86), and deep (y = —1.8x +
47.9; R* = 0.0.57) layers. Similarly, a negative slope was
observed for the uncoated devices for superficial (y = —1.5x +
62.8; R* = 0.41; slope comparison between APTES and
uncoated, p = 0.29) and middle (y = —0.5x + 78.2; R* = 0.06;
slope comparison between APTES and uncoated, p < 0.0001)
but not for deep (y = —0.3x + 34.8; R* = 0.05; slope
comparison between APTES and uncoated, p = 0.0006) layers.
These results suggest that the APTES proportion of active
electrodes decreases significantly for most depths of
implantation. The decrease proportion of active electrodes in
deep layers may be due to less neuronal cell density associated
with 16.> Additionally, results of the control devices are
similar to the results in deep layers seen from antioxidant
coated devices in a previous study.”* This further demonstrates
the decreased performance of APTES coated devices over time
compared to that of uncoated devices.

Similarly, the average number of units recorded per
electrode site (Figure 4B) was found to follow the same
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Figure 4. Quantification of APTES-coated and uncoated intracortical MEA recordings. (A) Proportion of active electrodes recording single units
up to 16 weeks post implantation with linear regression, (B) average number of single units per electrode site, (C) median spike rate, (D) voltage
peak-to-peak, (E) RMS noise floor, and (F) signal-to-noise ratio. Data is shown as mean + SEM where applicable. Significance level: * p < 0.0S.
Single line with asterisk over multiple weeks indicates statistical differences during each week underlined.

trends as the proportion of active electrodes, with statistical
differences between groups at weeks 1 (APTES: 1.11 + 0.08
and uncoated: 0.61 + 0.0S units per electrode) and 12 to 16
(APTES: =+ and uncoated: 0.75 %+ 0.06 units per electrode).
Binning of the data into acute, subchronic, and chronic periods
(Figure S2A) confirmed these observations, where the only
statistical differences were found in the chronic period
(APTES: 25%, and uncoated: 58%; p < 0.0001); however,
the binned average number of units detected per electrode
(Figure S2B) was significantly higher for APTES-coated
devices during the acute period (p = 0.004) comparable
during the subchronic (p = 0.09) and lower units during the
chronic (p < 0.0001). Furthermore, the APTES coating did not
appear to have a significant effect on the median spike rate of
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recorded units (Figure 4C and Figure S2C). These results
suggest that APTES-coated probes may have a high proportion
of active electrodes upon implantation; however, this effect is
short-lived, and the coating appears detrimental to the chronic
recording performance of intracortical MEAs.

The acute benefit of the APTES-coating was not limited to
the proportion of active electrodes and average number of
recorded units but presented differences in the quality of
recorded signals (Figure 4D—F and Figure S2D-F; all variables
were not normally distributed). We observed that APTES-
coated MEAs had significantly higher V,, upon implantation
(80.2 + 2.8 uV vs uncoated: 67.7 + 3.5 uV; p = 0.01), but the
signal quickly degraded between weeks 2 (79.2 + 5.1 uV) to
14 (61.5 £ 9.5 uV) finalizing at 70.3 + 10.9 uV at week 16,
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while uncoated controls had a sudden increase at week 2 (98.8
+ 3.3 4V; p < 0.001) followed by a V,,, decrease until the end
of the implantation period (66.5 + 4.3 uV; p = 0.44). Binned
analysis confirmed these observations, resulting in statistically
significant differences between groups during the acute (p =
0.0004), subchronic (p < 0.0001), and chronic (p = 0.002)
periods. We observed that RMS noise levels from uncoated
control devices (6.1 + 0.9 V) were significantly lower than
APTES-coated devices (7.34 + 0.23 uV; p = 0.0005) on the
day of surgery. However, at week 2, noise floor levels were
higher in RMS amplitude for uncoated controls (10.0 + 0.2
uV) than APTES-coated MEAs (7.0 = 0.4 uV, p < 0.0001)
(Figure 4C). The noise floor level of uncoated control devices
decreased consistently through the study ending at 6.9 + 0.3
uV, while the noise levels for APTES-coated devices
consistently decreased until week 10 (4.8 + 0.3 V) when
they became stable around 5 4V RMS and ended at 5.4 + 0.5
#V at week 16. From week 2 to the end of the study, noise
floor levels remained significantly lower for the APTES group
than the control group (p < 0.01). The V,,, and RMS noise
floor resulted in comparable (p = 0.43) SNR on the day of
surgery between uncoated control devices (11.57 + 0.59) and
APTES-coated devices (10.57 + 0.36). The SNR at active
electrode sites of APTES-coated devices was statistically higher
at week 2 (p = 0.02), weeks S—8 (p < 0.05), and weeks 15—16
(p < 0.05). This was likely driven by the significantly lower
noise levels observed with APTES devices. However, we
observed week-to-week variability that resulted in statistically
significant differences between groups. These week-to-week
differences may be attributable to uncontrolled experimental
variables perhaps biological in nature or due to subtle
differences in animal handling. Because of this, binned analysis
was conducted to reduce this variability by accounting for
repeated measures. Binned results confirmed these results with
statistical differences (p < 0.01) between groups during the
acute, sub chronic, and chronic periods for Vip and noise,
resulting in higher SNR only during the chronic period (p =
0.04).

Overall, these results suggest that the APTES coating may
improve signal quality acutely but not chronically. These
changes may be due to a positively charged surface, known to
promote nonspecific cell adhesion provided by the amine
groups of APTES exposed to the surface of the coating.*®
APTES has demonstrated the ability to promote cell adhesion
and increase cell-surface mechanical coupling in vitro.””*
Additionally, significant increases in the signal amplitudes
recorded from rat cortical neurons and cardiomyocyte cells in
vitro have been attributed to the enhanced cell-surface coupling
and a resulting an increase in seal imped21nce.30’43 However,
the enhanced coupling also led to an increase in cell death after
9 days.”® These observations are consistent with our results for
the recordings acquired on the day of surgery with an increased
V,p for the APTES-coated devices, although the magnitude of
signal enhancement for our in vivo measurements appeared to
be far less than that observed for the in vitro studies. However,
after implantation of APTES-coated devices, we observed a
quick decline of approximately 40% the V,,, during the first 11
weeks postimplantation, followed by a transient recovery at the
end of the study, while uncoated controls showed a more
stable response throughout the implantation period. Interest-
ingly, the noise levels were lower for the APTES-coated MEAs
throughout all 16 weeks postimplantation except for the day of
surgery. It is important to note that while the V,, for the
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APTES-coated devices is lower than the uncoated controls, the
noise levels were lower for the APTES-coated MEAs
throughout all 16 weeks postimplantation except for the day
of surgery. Concurrently, noise levels were observed to be
lower, resulting in comparable signal-to-noise ratios between
the APTES-coated MEAs and uncoated controls for almost all
weeks postimplantation. We hypothesize that these differences
may arise from the positively charged amine group of APTES
that promotes nonspecific cell adhesion.’® Furthermore, the
constant loss in the proportion of active electrodes able to
record single units throughout the 16 weeks postimplantation
suggests a loss in neuronal function as a direct result of the
APTES coating. These results may be explained by the
increased cellular adhesion that, in vivo, applies not only to
neurons but to the reacting glial cells as well, which may
exacerbate glial scarring and oxidative stress, leading to
neuronal loss.

Overall, these results suggest that the APTES coating may
improve initial signal quality, possibly due to greater cell
adhesion on APTES coated probes increasing the seal
resistance as suggested by Wolf et al’” but the loss of
neuronal signal overtime discourages its use as a final coating
for in vivo studies and supports it only as an intermediate
functionalization step to achieve adherence of other bioactive
coatings.

3.4. Neuroinflammatory Gene Expression. Evaluation
of 152 genes associated with neuroinflammation and oxidative
stress was performed to evaluate the tissue response. Animals
from this second cohort were quantitatively assessed for
neuroinflammatory gene expression at 2, 7, and 11 weeks
postimplant. We chose to examine the gene expression at 2, 7,
and 11 weeks postimplant because these time points span the
acute (2 weeks), subchronic (7 weeks), and transition to
chronic (11 weeks). The chronic phase is generally stated at 12
weeks, but gene expression precludes protein expression and
phenotypic changes. At both 2 and 7 weeks postimplantation,
we found no significant difference in the neuroinflammatory
gene expression between the tissue adjacent the APTES-coated
probes and the uncoated control probes (data not shown).
However, at 11 weeks postimplantation, we found seven
differentially expressed genes in the comparison between the
inflammatory response to control implants and APTES-coated
implants (Figure S). More specifically, two genes were
differentially upregulated in the APTES-coated group
compared to the control group: brain-derived neurotrophic
factor (Bdnf) and histone deacetylase 6 (Hdac6). Bdnf encodes
for a member of the nerve growth factor family of proteins.
Binding of Bdnf proteins to their coordinating receptors has
been shown to promote neuronal survival.’’Hdac6 is
associated with transcriptional regulation and progression
through cell cycle/development.”® Since the results are not
cell specific, it remains unclear if the upregulation of Hdac6
would be pro- or anti-inflammatory in nature. Additionally, five
genes were differentially increased in the control group
compared with the APTES-coated implants: endoplasmic
reticulum lectin 1(ERLECI), transmembrane ER and ERGIC
protein (CIn8), G protein-coupled receptor 37 (Gpr37),
glutathione S-transferase Pi 1 (Gstpl), and sirtuin 2 (Sirt2).
ERLECI functions as a regulator of multiple cellular stress-
response pathways in a manner that promotes metastatic cell
survival.”” CIn8 plays a role in cell proliferation during neuronal
differentiation and in protection against cell death.®” However,
Gpr37 encodes for a receptor for neuroprotective and glio-
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Figure 5. Bulk gene analysis tissue isolated adjacent to the implant
site. Custom gene panels examined the differential expression of 152
oxidative stress and neuroinflammatory genes associated with neural
implants. Log2(fold change) is based on differential expression
between pairs of Control vs APTES coated, at 2, 7, or 11 weeks
postimplantation with a 2-tailed unequal variance ¢ test for each gene.
Combinations not visualized in this figure did not present with any
significantly differentially expressed genes. Comparisons with
significant differential gene expression included only uncoated control
vs APTES at 11 weeks. Gray points indicate genes with no significant
difference in the comparison, black points (above the red dashed line)
were significant. N = 3 for each group.

protective factor prosaéposin, which induces endocytosis
following ligand binding.’ While Gstp1 has also been reported
to prevent sepsis-related inflammation,”” it has also been
shown that increased Gstpl expression is a cellular responses to
oxidative stress or proinflammatory stimuli.”® Finally, Sirt2 has
been shown to inhibit the transcription of pro-inflammatory
genes” and inhibit growth cone collapse and neurite
outgrowth.65’66 Taken together, at 11 weeks postimplantation,
we found that when APTES-coated devices are compared to
uncoated control devices, both demonstrated increased
expression levels of genes that could be advantageous and
detrimental to microelectrode performance and tissue
integration. Neither substrate demonstrates a neuroinflamma-
tory response that would be promising for tissue integration
and long-term microelectrode recording performance, and
thus, in this case, gene expression results are unable to provide
correlative insight into the ability to maintain single unit
recordings.

4. CONCLUSIONS

Surface modification by APTES alone does not improve the
chronic recording performance of MEAs in vivo but may be
beneficial in acute experiments. We observed an initial benefit
to the proportion of active electrodes and V,,, in the APTES
coated group as well as a sustained decrease in noise levels.
However, the recording performance of APTES coated devices
declined at a faster rate than uncoated devices as evidenced by
linear regression and differences in the proportion of active
electrode sites at chronic time points. We have not been able
to associate these failures with device degradation through
electrochemical methods; therefore, it is likely that the
observed increase in neuroinflammation plays a role in these
failures. Robust analysis of 152 genes associated with
neuroinflammatory mechanisms suggested neither the control
nor APTES coated probes would provide chronically stable
recordings. Together, our work has implications for future
studies that might make use of APTES to enable surface
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modification with bioactive molecules. Based on our
observations, any chronic improvement detected from a
modified surface enabled by APTES is unlikely to be
attributable to incomplete biomolecule deposition since
APTES alone is detrimental to the long-term recording
performance of intracortical MEAs.
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