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1. Introduction

Investigation of a chondroitin sulfate-based
bioactive coating for neural interface
applicationsf

Vaishnavi Dhawan,
Xinyan Tracy Cui

2 Paige Nicole Martin, (22 Xiaoming Hu® and

*ab

Invasive neural implants allow for high-resolution bidirectional communication with the nervous tissue and
have demonstrated the ability to record neural activity, stimulate neurons, and sense neurochemical
species with high spatial selectivity and resolution. However, upon implantation, they are exposed to a
foreign body response which can disrupt the seamless integration of the device with the native tissue and
lead to deterioration in device functionality for chronic implantation. Modifying the device surface by
incorporating bioactive coatings has been a promising approach to camouflage the device and improve
integration while maintaining device performance. In this work, we explored the novel application of a
chondroitin sulfate (CS) based hydrophilic coating, with anti-fouling and neurite-growth promoting
properties for neural recording electrodes. CS-coated samples exhibited significantly reduced protein-
fouling in vitro which was maintained for up to 4-weeks. Cell culture studies revealed a significant
increase in neurite attachment and outgrowth and a significant decrease in microglia attachment and
activation for the CS group as compared to the control. After 1-week of in vivo implantation in the mouse
cortex, the coated probes demonstrated significantly lower biofouling as compared to uncoated controls.
Like the in vitro results, increased neuronal population (neuronal nuclei and neurofilament) and decreased
microglial activation were observed. To assess the coating’s effect on the recording performance of silicon
microelectrodes, we implanted coated and uncoated electrodes in the mouse striatum for 1 week and
performed impedance and recording measurements. We observed significantly lower impedance in the
coated group, likely due to the increased wettability of the coated surface. The peak-to-peak amplitude
and the noise floor levels were both lower in the CS group compared to the controls, which led to a
comparable signal-to-noise ratio between the two groups. The overall single unit yield (% channels
recording a single unit) was 74% for the CS and 67% for the control group on day 1. Taken together, this
study demonstrates the effectiveness of the polysaccharide-based coating in reducing biofouling and
improving biocompatibility for neural electrode devices.

Specifically, intracortical recording electrodes are utilized
for their increased capacity to record single-unit (SU) action

Advancements in neural prostheses have enabled the treatment
of neurological disorders, spinal cord injuries, and stroke to
assist patients in regaining function. For such neuroprosthetic
applications and brain-computer-interface technologies (BCI),
neural interfaces are integral for facilitating the stimulation of
neurons and recording neural activity."
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potentials and local field potentials (LFPs).> However, the
mechanical insertion of these probes is inherently traumatic
and evokes an immune response. The tearing of blood vessels
releases serum proteins which can non-specifically adsorb on
the device surface and can have an acute pro-inflammatory
and neurotoxic effect.>* Meanwhile, insertion trauma causes
the activation of resident microglia, which extend their pro-
cesses toward the device beginning to encapsulate it.>®
A subsequent inflammatory cascade is triggered which can lead
to a chronic glial sheath formation around the implant barring
signal transmission, along with demyelination and neuronal
degeneration.>” A combination of loss of neurons and glial
encapsulation can contribute to low acute recording yield and
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deterioration of recording quality for chronic -electrode
implants.®

Modifying the implant surface with hydrophilic synthetic
coatings, such as zwitterionic polymers, can help to reduce the
non-specific protein fouling upon implantation. In doing so, the
extent of acute inflammation around the implant site can be
dampened, prolonging device function in vivo.”"*> However, due
to the synthetic nature of the material, seamless integration
with the tissue is limited. Biomimetic or bioactive coatings can
address this limitation by interacting with the tissue to promote
integration and improve device biocompatibility."* A prominent
approach is to promote neurite attachment by utilizing trans-
membrane proteins as coatings, such as N-cadherin and neuronal
cell adhesion molecule L1.**™® Specifically, L1 was shown to
increase neuronal density and reduced glial encapsulation around
the coating, and demonstrated enhanced recording quality for a
chronic 16-week implantation.'®™'® Protein-based coatings can be
fragile and may be subject to degradation during coating fabrica-
tion and long-term application. While our group has developed a
nanoparticle-based coating that can stabilize the protein without
losing bioactivity for 28 days in storage,'® this additional step does
extend the processing pipeline for the coating.

While new strategies exploring polymer-enabled bioactive
coatings are being actively investigated, the use of carbohydrate-
based coatings has been mostly unexplored for neural interface
applications. Carbohydrates, in their linear or branched polysac-
charide form, are attached to lipids and cell membrane protein
anchors and play a critical role in neural development.'®’
Chondroitin sulfate proteoglycans (CSPGs) are a type of glycocon-
jugate composed of alternating disaccharide units of N-acetyl-
galactosamine (GalNAc) and glucuronic acid (GlcA) attached to a
protein core that tethers it to the extracellular matrix (ECM).>**”
There are differential sulfation patterns on the disaccharide units,
leading to distinct chondroitin sulfate (CS) subtypes.***° Decades
of research on nervous system development have elucidated a
critical involvement of CSPGs in cell proliferation and differentia-
tion, neural migration, axonal outgrowth, and synapse formation.
However, the evidence on how they are involved is complex and at
times contradictory, alluding to their structural heterogeneity
which enables this wide range of function.* As isolated CS poly-
saccharide components, the immobilization of highly sulfated CS
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subtypes (CS-D and CS-E) showed higher neurite outgrowth
in vitro via selective binding to neuronal cell surface integrin
receptor aVB3.**** In addition to this specific bioactivity, the
presence of side groups such as the negatively charged sulfate
group and the abundance of hydroxyl groups can impart hydro-
philicity to the surface after modification. Increased hydrophilicity
of a typical hydrophobic electrode surface can prevent non-
specific adsorption of plasma proteins, potentially reducing the
acute tissue response. This anti-fouling property combined with
the specific bioactivity towards neurite outgrowth highlights the
suitability of chondroitin sulfate as a bioactive coating for neural
microelectrodes.

In this work, we investigated the efficacy of chondroitin
sulfate, a novel bioactive coating for neural recording micro-
electrodes. We hypothesized that the hydrophilic and bioactive
coating would prevent non-specific protein fouling while pro-
moting neurite outgrowth. Through these mechanisms, we
expect reduced acute inflammation and thus improved chronic
recording function for implantable microelectrodes. To test
this hypothesis, we performed in vitro studies to assess the
coating’s anti-fouling properties and its specific interactions
with primary neuronal and microglial cell cultures. To examine
the coating’s impact on acute inflammation, we quantified end-
point histology markers after 1-week of in vivo implantation.
Lastly, we implanted CS-coated and uncoated silicon microelec-
trodes in the mouse striatum for a week to investigate striatal
electrophysiology. We measured impedance and electrophysio-
logical activity on day 1 and day 7 of the implantation to assess
the coating’s effect on the acute recording performance.

2. Materials and methods
2.1 Chemicals and reagents

Chondroitin sulfate (CS) from bovine trachea and divinyl sulfone
(DVS) were both purchased from Millipore Sigma (Burlington,
MA). Ultrapure di-ionized water was used for all experiments
(18.2 MQ, Milli-Q). Glass coverslips (8- and 12-mm diameter)
were purchased from Electron Microscopy Sciences (Hatfield,
PA). Silicon wafers were ordered from University Wafer (Boston,
MA). Non-functional A-style electrodes were purchased from

CS solution

CS functionalized surface

Immobilization of chondroitin sulfate (CS) on silicon substrates. Smooth silicon substrates treated with oxygen plasma are submerged in
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NeuroNexus (Ann Arbor, MI). The remaining chemical reagents
and solvents were purchased from Sigma Aldrich (St. Louis, MO)
and used as received without further purification.

2.2 Surface immobilization

Chondroitin sulfate was immobilized onto silicon substrates
according to the illustration in Scheme 1 via the divinyl sulfone
(DVS) linker methodology previously described.** Before func-
tionalization, glass coverslips were cleaned by sonicating in
acetone followed by isopropyl alcohol (IPA), for 10 minutes in
each solvent. Silicon wafer substrates were cleaned by submer-
ging in piranha solution (3: 1 H,SO,: 30% H,0,) for at least
30 minutes to remove any surface contamination. Cleaned wafers
were washed with DI water, and acetone followed by IPA and dried
under N, flow. Cleaned substrates were then activated using O,
plasma for 5 minutes after which they were submerged in 10%
DVS solution (v/v, 0.5M carbonate buffer pH 11) for 1 hour at
ambient temperature. The DVS-modified surfaces were then
thoroughly washed with ~10 mL of water after which they were
immersed in chondroitin sulfate solution (100 mg mL ™", pH 11
carbonate buffer) at ambient temperature for 16-20 hours.
Modified surfaces were then rinsed with ~10 mL water and
stored dried until ready for use.

2.3 Surface characterization

2.3.1 X-ray photoelectron spectroscopy (XPS). XPS mea-
surements were conducted using the ESCALAB 250Xi XPS
spectrometer microprobe (Thermo Fisher Scientific, Waltham,
MA) with an Al Ko X-ray source (1486.71 eV of photons).
The pressure in the analysis chamber was maintained at about
8 x 1077 Pa during each measurement. The survey spectra
(from 0 to 1400 eV) and the core-level spectra with higher
resolution were both collected. An ion gun was used to compen-
sate for surface charge effects. Three spots on at least two
duplicates of samples were analyzed. The software Thermo scien-
tific™ Avantage Data system was used to fit the XPS spectra peaks.

2.3.2 In vitro surface coating stability assessment. To
characterize the coating, its thickness and wettability were
investigated. The coating thickness was measured using an
ellipsometer (Jobin Yvon Unisel) and the data was fitted with a
Cauchy Model using a biofilm refractive index of 1.33.>® Water
contact angles were measured using the Theta Lite optical
tensiometer (Biolin Scientific).

After initial measurements, all samples (3-4 silicon wafers
per group and time-point) were immersed in phosphate-
buffered saline (PBS) for 1, 2, and 4 weeks. Ellipsometry and
water contact angle measurements were taken at the end of 1, 2,
and 4 weeks after the samples were rinsed with DI water and
air-dried. For thickness measurements, there were 22 data
points (n) for freshly coated CS, n = 29 for a 1-week soak, n =
28 for a 2-week soak, and n = 19 for 4-week-soaked groups.
For the water contact angle measurements, there were n = 15
data points for uncoated control, n = 15 for freshly coated CS,
n =15 for a 1-week soak, n = 11 for a 2-week soak, and n = 16 for
a 4-week soak. Bare uncoated silicon wafers were used as a
control group.

This journal is © The Royal Society of Chemistry 2024
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2.3.3 In vitro anti-fouling performance assessment.
Freshly coated CS-substrates and those that had been soaked
in PBS for 1, 2, and 4 weeks were then submerged in 2 mg mL "
FITC-albumin solution for 1 hour at room temperature under
dark conditions. Samples were then washed with 20 mL of DI
water to remove weakly attached proteins and then air-dried.
Fluorescence images were captured using a Leica DMI4000
Microscope (Buffalo Grove, IL) with a 3-second exposure time
at 10 x magnification. A total of 10-15 images were taken across
two to three samples that were prepared per condition. The
total fluorescence intensities per unit area of the substrates
were measured using CellProfiler software (Cambridge, MA).

2.4 Invitro bioactivity testing

2.4.1 Neuron cell culture. Primary neurons from E18 rat
fetuses were used to assess the neurite growth-promoting
properties of the immobilized CS coating, following the proto-
cols described previously in Woeppel et al®*® Animal experi-
ments were approved by and kept per the University of
Pittsburgh Institutional Animal Care and Use Committee stan-
dards. Briefly, E18 pregnant Sprague-Dawley rats were eutha-
nized under CO, followed by cervical dislocation. Rat pups were
individually isolated, decapitated, and the cortices were col-
lected. Isolated tissue was then submerged in 0.25% trypsin/
EDTA solution for 15 min at 37 °C. The tissue was then washed
three times with Hank’s balanced salt solution and dissociated
via trituration. Dissociated suspension was spun at 800 rpm for
10 min at 4 °C and pelleted cells were resuspended in freshly
prepared Neurobasal media supplemented with B27, Gluta-
MAX, penicillin-Streptomycin (Gibco) and counted. Cells were
plated at a density of 30000 cells cm > on 12-mm diameter
glass coverslips coated with 100 mg mL ™" CS and grown for
48 hours before they were fixed with 4% paraformaldehyde
(PFA). Fixed cells were permeabilized with 0.1% Triton-X in
PBS, followed by immunostaining for beta-III-tubulin and
nuclei. Images were taken with Leica DMI 4000B fluorescence
microscope at 20x magnification. 3-4 images were taken per
well, with three wells per condition and the cell culture experi-
ment was repeated four times. Neurite outgrowth was quanti-
fied using the Neurite Tracer plug-in on Image].*’

2.4.2 Microglia cell culture. Primary microglia cells from
neonatal rat cortices were used to investigate the effect of the
CS-coating on microglia in vitro. Animal experiments were
approved by and kept per the University of Pittsburgh Institu-
tional Animal Care and Use Committee standards. 1-2-day-old
neonatal pups were anesthetized by burying them in ice for
5-10 minutes. The pups were decapitated, and the brains were
carefully excised. Isolated cortices were transferred to a 15 mL
tube containing ice-cold HBSS, and triturated until the suspen-
sion was homogenous. The solution was then filtered through a
70 pm cell strainer and centrifuged for 10 minutes at 1200 rpm.
The pelleted cells were resuspended in Dulbecco’s Modified
Eagle medium/nutrient mixture F12 media (Gibco) and the
resulting mixed glia cells were plated in T-175 flasks and grown
until confluency (12-14 days). Microglia were collected by
shaking the mixed glia-containing flask for 1 hour at 180 rpm
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in a MaxQ8000 HP (ThermoFisher, Waltham, MA). The col-
lected media was then centrifuged again at 950 rpm, 25 °C for
10 minutes. Pelleted microglia were resuspended in complete
DMEM media and plated at a density of 30000 cells cm > on
glass coverslips coated with 100 mg mL™" chondroitin sulfate
solution for 24 hours before performing other in vitro assays.
Uncoated glass coverslips were used as control.

2.4.3 Cell staining and imaging. Microglia cells cultured
on CS-coated and uncoated glass coverslips were fixed with 4%
paraformaldehyde (PFA) and permeabilized with 0.2% Triton-X,
followed by immunostaining with Iba-1 and DAPI. Using the
Leica DMI 4000B microscope, 3 images per well were taken for
three wells per condition at 20 x magnification. CellProfiler was
used for the quantification of Iba-1 positive cells.

2.4.4 Microglial phagocytosis assay. Microglia phagocyto-
sis assay was performed according to the published protocol by
Lian et al>® Briefly, 1 um fluorescently labeled latex beads
(Sigma) were pre-opsonized in fetal bovine serum for 1 hour at
37 °C and diluted with complete DMEM media (0.1% v/v).
Microglia media was replaced with the bead-containing media
and the cells were incubated at 37 °C for 1-2 hours. Cells were
thoroughly washed with ice-cold PBS five times, fixed with 4%
PFA, and stained for Iba-1 and DAPI. Three images were taken
per well with three wells per condition. Cells expressing Iba-1,
DAPI, and the beads were manually counted as phagocytosis-
positive cells. To get the % phagocytic cells, the number of
phagocytic cells was divided by the total number of microglia.

2.5 In vivo bioactivity testing

2.5.1 Animal surgeries. For the acute in vivo histology
study, five C57BL/6 male mice (Jackson Laboratory, Bar Harbor,
ME) were bilaterally implanted with non-functional A-style
silicon probes (3 mm length, NeuroNexus, Ann Arbor, MI) with
a total of 5 control (uncoated) and 5 CS-coated arrays for
1-week. For the electrophysiological study, eight female mice
were implanted with NeuroNexus (A1x16-5 mm-100-703-CM16)
electrodes, where four mice were implanted with an uncoated
control probe, and four mice were implanted with a CS-coated
electrode for a week. For this cohort, mice were housed on a 12/
12 light/dark cycle (lights on 7 a.m., lights off 7 p.m.) with food
and water ad libitum. ClockA19 mice on a Balb/c mixed back-
ground were bred as heterozygotes to produce wild-type and
homozygous mutant littermates. Only the female, wild-type
mice 15-19 weeks old from these litters were used for the
study. The mutant mice were used for a separate ongoing
study. Throughout the study, animal experiments and housing
were approved by and kept in accordance with the University of
Pittsburgh Institutional Animal Care and Use Committee
standards.

For both the acute histology and the electrophysiology
studies, the same procedures were used, except for the type of
implanted electrode device (functional vs non-functional) and
implantation coordinates. Animals were anesthetized using an
isoflurane vaporizer (2% in oxygen for induction, 1.5% for the
remainder of the surgery) and the state of anesthesia was
closely monitored by observing the respiratory rate and the
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absence of pedal reflex. After induction, the animal was mounted
to a stereotactic frame (Kopf Instruments, Tujunga, CA) and
placed on top of a heating pad (TP1500, Adroit Medical Systems,
Loudon, TNP) at 37 °C. The head was shaved and sterilized with
iodine and ethanol three times and an ophthalmic ointment was
applied to the eyes. After placing a sterile drape over the surgical
area, an incision was made to expose the bregma and lambda
sutures of the skull. For the acute study, in reference to the
coronal suture, electrode implantation holes were made bilaterally
4 mm posterior to bregma, 3 mm distal from the midline using a
surgical drill (0.7 mm tip diameter drill bit, Fine Science Tools,
Inc., Foster City, CA). Sterile saline washes were applied continu-
ously to dissipate the heat produced by drilling. Two bone screws
(stainless steel; shaft diameter 0.96 mm, length 2 mm, Bioanaly-
tical Systems Inc., West Lafayette, IN) were screwed into the newly
created holes with careful attention not to pierce through to the
brain. Two electrode holes were drilled with the same drill bit, the
coated and non-coated non-functional probes were bilaterally
inserted using Neural Glider (Actuated Medical, Bellefonte, PA)
at a rate of 0.05 mm s~ ' to a depth of 1.5 mm.

For the electrophysiology study, three bone screws (stainless
steel; shaft diameter 0.96 mm, length 2 mm, Bioanalytical
Systems Inc., West Lafayette, IN) were utilized to ground the
functional electrode device as well as to stabilize the dental
cement head cap. In reference to bregma, the implantation site
was 1.5 mm anterior, and 1 mm distal. Insertion was supported
by Neural Glider at a rate of 0.05 mm s~ ' to a depth of 4.5 mm.
Once inserted, the probe holes were sealed using Kwik-
Cast Sealant (World Precision Instruments, Sarasota, FL). UV-
curable dental cement (Pentrol Clinical, Orange, CA) was
generously applied. Topical antibiotic was applied around
the incision sites and an intraperitoneal injection (i.p.) of
5 mg kg~ Ketofen (100 mg ml™", Zoetis Inc, Kalamazoo, MI)
was delivered. Mice were placed on a heating pad and allowed
to recover. Ketofen injections (5 mg kg ') were administered
daily for three days after the surgery.

After 1 week of implantation, animals were administered
an i.p. overdose of ketamine/xylazine (80-100 mg kg ' and
5-10 mg kg~ ', respectively) and transcardially perfused with
4% (v/v) PFA in PBS once they were unresponsive to toe pinches.
Mice were decapitated and the skulls were removed to post-fix
the brain in 4% PFA at 4 °C for 4-6 hours. The skulls with the
probes still attached were preserved for explant analysis. Brains
were then soaked in a 15% sucrose solution for 24 hours
followed by submerging in a 30% sucrose solution until the
brains sunk to the bottom of the tube (usually 24-48 hours).
Brains were then carefully frozen in a 2:1 ratio, i.e, 20%
sucrose in PBS : optimal cutting temperature compound (Fisher
HealthCare, Houston TX). Frozen tissue sections were horizon-
tally sectioned into 25 um thick sections normal to the tract of
the probes using a cryostat (Leica CM1950, Buffalo Grove, IL).

2.5.2 Electrophysiological measurements and analysis.
Impedance measurements were taken with a Potentiostat
(Metrohm PGSAT128N) before the coating modification and
after implantation on a weekly schedule. In addition, weekly
spontaneous neural recordings (5 minutes) were taken with an

This journal is © The Royal Society of Chemistry 2024
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RX7 acquisition system (Tucker Davis Technologies, Alachua,
FL) and a Medusa Pre-amplifier (Tucker Davis Technologies).
Impedance measurements lower than 20 kQ and higher than
2000 kQ were excluded. Animals were administered 2% isoflur-
ane for induction, after which isoflurane was reduced to 1% to
maintain a lightly anesthetized state.

Neural data analysis was based on previously published
work.*> The raw neural recording data was filtered between
300-10 000 Hz and threshold crossing events were identified by
applying a negative threshold value of 3.5 standard deviations.
To identify single units, Plexon offline sorter (Plexon Inc, Dallas
TX) was used and the k-means clustering method was applied
(with an adaptive standard EM 2 to 5). Using a 3D PCA feature
space, individual single units were manually inspected. Noise
was defined as the standard deviation of the raw data stream,
with the spikes included since the spike rate was found to be
minimal. The signal-to-noise ratio (SNR) was then calculated
as the ratio between the peak-to-peak amplitude (p2p) of the
sorted single units divided by noise. We assigned an SNR of 0 to
channels with no sortable units. The overall SNR was calculated
as the average of all channels, while the active SNR averaged
only non-zero SNR values across all channels. The single unit
(SU) yield was calculated as the number of electrode sites
recording at least one sorted unit divided by the total number
of channels (16), multiplied by 100 to obtain a percentage.
Custom MATLAB scripts were used to calculate the p2p, SNR,
and SU yield and GraphPad Prism was used for performing
statistical analysis and for plotting the results.

2.5.3 Histology. Tissue sections were rehydrated in citrate
buffer, blocked with 10% goat serum, and then treated with
0.1% Triton-X for 45 minutes. Tissue sections were stained
across a depth of 1900 microns for NeuN (Millipore mouse
1:250), Iba-1 (Millipore mouse 1:500), GFAP (DAKO rabbit
1:500), and blood-brain barrier injury marker for immunoglo-
bulin G (IgG) (Alexa Fluor 647-conjugated AffiniPure Fab Frag-
ment). The chosen stains were intended to detect the presence
of activated microglia (Iba-1), reactive astrocytes (GFAP), neu-
ronal density (NeuN), and blood-brain barrier injury (IgG).
Comparisons were made between the uncoated control and
CS-coated probe groups based on the relative intensities of
these markers around the implanted probes.

2.5.4 Histological analysis. Imaging was performed on a
confocal microscope (Olympus Fluoview 3000, Olympus Life
Science, Waltham, MA) to evaluate differences in immune
markers surrounding the implant sites. Image analysis was
performed using a custom MATLAB script as published by
Kozai et al.* Briefly, bins of 10 microns were created concen-
trically around the probe implant, and the intensity of the stain
or the number of cells per bin (counted manually for NeuN)
were measured. Since NeuN were manually counted, the neu-
ronal density was represented as averages across 50-micron
bins to avoid cell counting ambiguity near the probe. Intensi-
ties and counts were scaled to the corners of the images. The
background intensities were also calculated from the corners of
the image (20% of the total image area) by removing pixels
greater than 1 standard deviation (STD) above the mean and

This journal is © The Royal Society of Chemistry 2024
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then calculating the mean and variance of the remaining pixels.
All pixels that were greater than 1 STD above the mean back-
ground intensity were used for the analysis.

2.6 Explant analysis

Explant analysis was performed to examine and compare the
extent of tissue coverage on the explanted probes with and
without the CS coating. The explanted probes were carefully
detached from the skull and submerged in 100% ethanol for
5 days, followed by air-drying for 2 days. Probes were then
pressed flat on conductive tape and sputter coated with 5-
10 nm of gold-palladium coating in preparation for taking
images on the scanning electron microscope (SEM). For quan-
tification of biological tissue coverage on the explanted probes,
grids were inserted on the SEM image using Image] grid
function. The number of grids with visible tissue coverage
was divided by the total number of grids covering the electrode
pixel area and reported as % tissue coverage area for both
control (n = 4 images) and CS groups (n = 5 images). Welch’s
T-test was performed for statistical comparison.

2.7 Statistics

For all statistical tests, GraphPad Prism 10.0 was used. For
in vitro and in vivo studies, unless otherwise stated, one-way
ANOVA and two-way ANOVA (wherever appropriate) with
Tukey’s post hoc analysis were used. For the recording analysis,
a mixed model for repeated measures (MMRM) was used. Data
was described as the mean =+ standard error of the mean unless
stated otherwise.

3. Results

3.1 Immobilization of CS and characterization

Chondroitin sulfate (CS) was immobilized onto silicon or
silicon dioxide surfaces via divinyl sulfone (DVS) linker chem-
istry (Scheme 1), where DVS serves as a linchpin between
hydroxyl-terminated silicon surfaces and the hydroxyl-bearing
polysaccharide. Before the functionalization, silicon (Si) wafer
substrates were treated with piranha solution, followed by
acetone and isopropanol to remove larger contaminants. Si
substrates were treated with O, plasma treatment to activate
the surface by introducing hydroxyl groups, followed by the
addition of the DVS linker and finally the CS solution. Immo-
bilization of CS was monitored stepwise via X-ray photoelectron
Spectroscopy (XPS), ellipsometry (Fig. 1), and water contact
angle (WCA) (Fig. 2), to measure changes in the chemical
bonding, thickness of the immobilized coating, and hydrophi-
licity, respectively.

High-resolution XPS characterization (Fig. 1(A)-(E)) showed
Si 2p, C 1s, and O 1s peaks for the uncoated bare control at
106.59, 287.55, and 534.52 eV respectively, and their atomic %
were 27.57%, 13.78%, and 58.65%. For the DVS condition, the
peaks for Si 2p, C 1s, O 1s, and S 2p were 106.34, 286.70, 533.84,
and 172.23 eV, and their subsequent atomic % were 8.75%,
7.36%, 31.46%, 0.23%. Finally, after the CS immobilization, the

J. Mater. Chem. B, 2024,12, 5535-5550 | 5539


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb00501e

Open Access Article. Published on 11 May 2024. Downloaded on 1/25/2026 7:19:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Journal of Materials Chemistry B
) ) ) ) -
Si2p S
15000 N1s Scan 20000 1Zp Scan 5660 C1s Scan Kk
.. S
] s o 15000 Sodokok
& 10000 TR 10000 8-
£ 77 10000 *k il
=
3 5000
3 5000 5000 T 6
0 T T T T 1 0+ T T T T 1 0 N =
& O & O P S 6 ® @ & P P N N S 5 S s
WO D LA S O S P QR P g 4-
£
L
o1s S =29
S Scan
150000 8000 S$2p Scan — Bare
g 100000 6000 o 0-
3 —cs 5 N N N
£ 4000 ’\/\\—\‘,/ CS Powder o7 P
£ > L P S
3 50000 \/\\-v_f & & & oF
© w00{ — ST D AP
N »
0t T T T T T 1 0 T T T 1
S PP LS PP S e 8
Binding Energy (eV) Binding Energy (eV)

Fig. 1 Surface characterization of CS-coated substrates. (A)—(E) High-resolution scans of N1s (A), Si2p (B), Cls (C), Ols (D), and S2p (E) using X-ray
photoelectron spectroscopy (XPS). (E) Measurement of coating thickness (nm) of freshly CS-modified silicon wafer and CS-coated samples soaked in PBS
at room temperature for 1, 2, and 4 weeks. One-way ANOVA **p < 0.01, ****p < 0.0001. Data is mean + SEM.

A) B) Freshly CS-coated side
*okokok
| sokokok
| sk
| sokkok |
I—l Uncoated side
sokokok sokokok
T
G 5o kkxk - C) Rk
("] I sAokskok
g’ 40 . ——
5-
© skkok
b - —_—
5 30 3
S g
o § 5-
5 101 g
-
@
S o o
@ @ D O N N S
& o\\ I A P 5 ‘.,-go ‘.,.go *,.go
N7 2 X 9 9 9 & 2 e
_® A S S C e
& &L & L Y g W
o o o
(N S ¢

Fig. 2 Assessment of hydrophilic property of immobilized CS coating. (A) Water contact angle (°) measurements for bare silicon wafer, plasma-treated
wafer, DVS-linker modified wafer, freshly CS-coated wafers, and CS-coated wafers soaked for 1, 2 and 4 weeks in saline. (B) Representative image
showing the distinction in the protein fouling, shown by pseudo-colored FITC-albumin for freshly coated CS side and the uncoated side on the same
piece of silicon wafer. (C) Quantified fluorescence intensity (a.u.) from unmodified bare silicon wafer serving as control, freshly coated CS silicon wafers
and CS-coated samples soaked in PBS at room temperature for 1, 2 and 4 weeks. One-way ANOVA with Tukey's multiple comparison test, ****p <
0.0001 for both (A) and (C). Data is mean + SEM.

atomic peaks for Si 2p, C 1s, O 1s, S 2p, and N 1s were 105.72, 23.25%, 21.29%, 0.56%, and 1.28%. Additionally, we used
287.64, 534.10,171.81, 401.91 eV and the atomic % were 2.44%, chondroitin sulfate powder as a positive control, and the C
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1s, O 1s, S 2p, and N 1s peaks were 287.99, 533.88, 170.99,
401.31 eV with their atomic % as 51.57%, 41.20%, 1.90%, and
5.32%, respectively. The calculated ratio between nitrogen and
sulfur based on the experimental atomic % was 0.36 for the CS
powder and 0.44 for the immobilized CS (theoretical ratio of
N:S is 0.44). Overall, the successful immobilization of CS is
indicated by the presence of additional S 2p and N 1s peaks in
the CS condition as compared to the uncoated bare control, the
decrease in the atomic % for Si 2p in the CS condition, and the
comparison to the CS powder control.

To assess the stability of the immobilized CS, coated samples
were soaked in phosphate buffer saline (PBS) solution at room
temperature for 1, 2, and 4 weeks, and the changes in coating
thickness and hydrophilicity were measured (Fig. 1(F) and 2).
Freshly coated substrates had a starting thickness of around 6.3 +
0.22 nm (mean =+ standard error of mean), which significantly
decreased to 4.2 £ 0.56, 4 + 0.38, 1.8 &+ 0.089 nm for samples
soaked for 1, 2, and 4 weeks, respectively (p < 0.01, p < 0.0001,
and p < 0.0001 one-way ANOVA, respectively) (Fig. 1(F)). Despite
the gradual degradation due to soaking, the remaining coating is
still within the expected 2-3 nm range of similar polysaccharide-
based coatings reported in literature.*>*

The water contact angle (WCA) measurements describe the
hydrophilicity of the modified substrates. As compared to
the uncoated bare control, after the oxygen plasma treatment,
the WCA dramatically decreased from 43.5° £ 5.1 to 23.1° £ 4.5
(mean + standard deviation (SD)). The WCA subsequently
dropped after the DVS reaction (8.7° + 2) and was observed
to be the lowest after the CS immobilization (6.5° + 1.6) as
compared to the uncoated Si wafer (p < 0.0001, one-way
ANOVA) (Fig. 2(A)). This suggests the addition of the CS coating
imparts a hydrophilic property to the otherwise hydrophobic Si/
SiO, surface. As compared to the freshly coated CS substrates,
there was no significant increase in the WCA for samples
soaked for one week, however, a significant change in WCA
was observed when soaked for 2 and 4 weeks at room tempera-
ture. This increase in WCA represents the slight decrease in the
hydrophilicity of the substrate, as some portion of the coating
starts to degrade in solution. However, the coating remains
significantly more hydrophilic as compared to the uncoated Si
wafer, suggesting the stability of the coating in the tested
soaking conditions.

Neural tissue interfacing devices coated with a hydrophilic
layer can help reduce the non-specific adsorption of the blood
proteins on the implant surface, a key first step in the foreign
body response.>** We performed a protein adsorption test by
soaking the uncoated Si wafer, freshly CS-coated, and soaked
(1, 2, and 4-week) substrates in fluorescently tagged albumin
protein and quantified the intensity of the adsorbed protein on
these substrates (Fig. 2(B) and (C)). A significant decrease in the
intensity (arbitrary units, a.u.) of the adsorbed protein for the
freshly coated wafers (3.5 £ 0.9 a.u.) indicated a drastic anti-
fouling effect of the coating as compared to the uncoated
control (10.5 + 2.8 a.u.) (p < 0.0001, one-way ANOVA).
This anti-fouling effect of the coating persisted even after the
CS-coated substrates were soaked for 1 (3.18 + 0.6 a.u.),
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2 (3.36 £ 0.3 a.u.), and 4 weeks (3.35 £ 0.2 a.u.) and no significant
increase in FITC-albumin was found in the soaked samples, when
compared to the freshly coated samples (Fig. 2(B)).

3.2 Investigating coating’s bioactive effect in vitro

3.2.1 Improvement in neurite attachment and outgrowth.
To examine the bioactive effect of the CS-coating, we cultured
primary neurons on the CS-coated substrates and compared the
neurite attachment and outgrowth to the control substrates.
Cultured neurons were grown for 48 hours, followed by fixation
and staining for B(m)-tubulin (neurons) and 4’,6-diamidino-2-
phenylindole (DAPI) (nuclei). While neurites were visible on all
substrates, they were particularly longer on the CS-coated
substrates (Fig. 3). As compared to the uncoated bare control,
CS-coated substrates promoted neurites to be over four times
longer (p < 0.0001, one-way ANOVA with Tukey’s post hoc).
Moreover, the neurite outgrowth on CS-coated substrates was
significantly higher than that observed on the laminin-coated
substrates (positive control), a glycoprotein known to support
growth and differentiation of neural cells (p < 0.05, one-way
ANOVA with Tukey’s post hoc).

3.2.2 Reduction in microglia attachment and activity. Pri-
mary microglia were cultured on uncoated and CS-coated
substrates and the viability of cultured cells was assessed using
calcein (live cells) and propidium iodide (dead cells) dyes
(Fig. 4(A)—-(C)). Overall, the cell viability of cultured microglia
was significantly lower on CS-coated substrates as compared to
the uncoated control (p < 0.0001, two-way ANOVA with Tukey’s
post hoc). There was no significant difference between the live
and dead cell count mm ™2 for microglia growing on CS-coated

500
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Bare CS Laminin

Fig. 3 CS-coated substrates promote neurite attachment and outgrowth.
Representative images of neurites (beta-Ill tubulin) growing on (A) Bare
uncoated glass coverslips (B) CS-modified glass coverslip (C) and laminin-
treated well plate (positive control). (D) Quantification of beta(in) tubulin
expressing neurites, normalized neurite length (%) to bare uncoated glass
coverslips. One-way ANOVA with Tukey's multiple comparisons test, *p <
0.05, ***p < 0.0001. Four independent cell cultures were performed with
three technical replicates in each round, with total n = 41 images for Bare
group, n = 48 images for CS group, and n = 45 for laminin group were
analyzed. Scale bar is 100 microns. Data is mean + SEM.
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Fig. 4 Effects of CS-coated substrates on microglial viability and phagocytosis. Representative images of primary microglia growing on (A) bare
uncoated glass coverslips and (B) CS-coated glass coverslips. The live cells were stained by calcein (green), and dead cells were stained by propidium
iodide dye (red). (C) Quantification of live and dead cells growing on each type of surface. Two-way ANOVA with Tukey's multiple comparison test,
****p < 0.0001. Representative images of phagocytosis assay performed on primary microglia growing on (D) bare uncoated coverslips and (E) CS-coated glass
coverslips with Iba-1+ cells shown in green, nuclei by DAPI, and latex beads by red. White circles highlight the Iba-1+ cells which phagocytosed the fluorescent
latex beads. (F) Quantification of the absolute number of Iba-1+ cells. (G) Quantification of the % of cells that performed phagocytosis for all the Iba-1+ cells
counted in the samples. Welch's T-test, ****p < 0.0001, **p < 0.01. Three independent cell cultures were performed with three technical replicates in each

round, with total n = 27 images analyzed for both Bare and CS conditions. Scale bar is 100 microns. Data is mean + SEM.

substrates. We also performed a phagocytosis assay to deter-
mine the coating’s effect on the cultured microglia to perform
phagocytosis. We counted the number of Iba-1+ cells that
ingested fluorescently labeled latex beads and calculated the
percentage of microglia cells that performed phagocytosis for
the entire population of the Iba-1+ cells (Fig. 4(D) and (E)).
Significantly fewer microglial cells were growing on CS sub-
strates (Fig. 4(F)) (p < 0.0001, Welch’s T-test), and of those,
significantly fewer microglia performed phagocytosis as com-
pared to those growing on the uncoated control substrates
(Fig. 4(G)) (p < 0.01, Welch’s T-test).

3.3 Investigating coating’s bioactive effect in vivo

3.3.1 Increased neuronal density and neurofilament around
CS-coated implant. To investigate the effect of the coating on the
neuronal population and acute inflammation in vivo, we bilater-
ally implanted coated and uncoated non-functional silicon planar
arrays in C57BL/6] mouse cortex for 1-week. We then performed
immunohistochemistry to assess the density of neuronal popula-
tion (NeuN) and axonal neurofilament (NF200) around the coated
and uncoated implant sites (Fig. 5). A significantly elevated
population of neurons was observed up to 150 microns of the
coated implant site as compared to the uncoated implant (p <
0.0001, two-way ANOVA, Sidak’s multiple comparison test). Simi-
larly, a significant increase in the neurofilament expression for up
to 150 microns away from the coated implant was observed (p <
0.0001, two-way ANOVA, Sidak’s multiple comparison test). These
in vivo observations follow the trend of increased neurite attach-
ment and growth demonstrated in the in vitro experiments.

3.3.2 Reduced inflammatory response around CS-coated
implant. We examined the extent of microglial activation (Iba-1),
astrocytic reactivity (GFAP), and blood-brain barrier (BBB) leakage

5542 | J Mater. Chem. B, 2024, 12, 5535-5550

(IgG) by quantifying the fluorescence intensity of these markers as
a function of distance from the implant (Fig. 6). We observed
significantly lower microglial activation around the coated
implant as compared to the uncoated control for up to 40 microns
away from the probe hole (p < 0.0001, two-way ANOVA, Sidak’s
multiple comparisons test). Beyond 50 microns, the microglial
intensity returned to the baseline intensity for both groups,
illustrating the localized activation around the probe.

We observed increased co-localization of microglia (Iba-1)
and neurons (NeuN) close to the probe hole in the control
group as compared to the CS group (ESLi Fig. S2). While
qualitative, this observation could suggest increased engulf-
ment of stressed neurons by activated microglia, a phenom-
enon previously reported.**>**

The GFAP encapsulation was similar for both coated and
uncoated probes. Though not significant, the GFAP intensity
was lower around coated implants 90-140 microns away from
the implant site as compared to the control. The observed trend
of increasing reactivity as the distance from the site increases
could be attributed to the early time-point of 1 week, at which
the astrocytes are starting to migrate towards the injury but the
tissue around the implant site is mostly occupied with activated
microglia.

The IgG protein staining was overall significantly lower
around the coated probes up to 130 microns away from the
implant site as compared to the control probe (p < 0.0001, two-
way ANOVA). This difference was the most drastic up to
40 microns away from the implant, after which the intensity
started to return to baseline. This observation illustrates the
hydrophilic effect of the coating which is likely reducing
the non-specific protein adsorption of the IgG protein upon
the blood-brain barrier rupture during insertion.

This journal is © The Royal Society of Chemistry 2024
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3.4 Explant analysis after acute implantation

After the completion of the acute 1-week implantation study,
probes were carefully explanted and serially dehydrated in ethanol
and prepared for scanning electron microscopy (ESI T Fig. S1).
Images were taken to compare the tissue coverage on explanted
control and CS probes. Upon quantification, we found that 86.5 +
3.34% of the uncoated control probe surface was covered with
biological matter as compared to only 37 & 1.71% in the CS group
(Welch’s T-Test, ***p < 0.0001, mean + SEM). This biological
matter is likely composed of blood plasma proteins and encapsu-
lation tissue. This reduction in tissue coverage is likely to be the
effect of the hydrophilic and anti-fouling CS coating.

3.5 Characterization of recording performance in vivo

After observing the coating’s neurite growth-promoting property
in vitro and a reduced acute inflammatory response in vivo, we
proceeded to evaluate whether these observations would translate
to improved recording quality. We hypothesized that an increase
in the neuronal density around the coated electrode would poten-
tially enhance single unit yield due to higher number of viable
neurons near the implant. To test this, we implanted CS-coated
and uncoated 16-channel single-shank NeuroNexus electrode
arrays in mice and performed impedance and electrophysiological
recordings. We compared impedance and recording performance,
as collectively defined by the peak-to-peak amplitude, noise floor,
signal-to-noise ratio, and single-unit yield (i.e., % of channels
recording at least one single unit) over the course of a week.

We first measured the impedance before and after coating
the electrodes and found a significant decrease in the

This journal is © The Royal Society of Chemistry 2024

impedance (pristine: 363 £+ 19 kQ, post-coating: 288 + 38 kQ,
p = 0.04, Student’s T-test, mean + SEM), likely due to the
increased wettability of the electrode site.”> However, this
change in impedance is only a 20% difference and is not
expected to affect the electrical function of the implanted
probes. The first impedance measurement after implantation
was on day 1 which showed a characteristic dramatic increase
in impedance for both the control (103% increase) and coated
electrodes (37% increase) due to the addition of tissue impe-
dance. The impedance for the CS group for day 1 and day 7 was
significantly lower than the control group and no significant
difference was found between the CS groups between day 1 and
day 7 indicating stable impedance (Fig. 7(C)).

While both groups recorded sortable single units (Fig. 7(A)
and (B)), the average peak-to-peak amplitude of the sorted
single units was overall significantly higher in the control group
(61.26 uVv) across both time points as compared to the CS group
(45.71 pv) (p < 0.0001, two-way ANOVA) (Fig. 7(E)). The noise
was overall significantly lower for the CS group as compared to
the control (p < 0.0001, two-way ANOVA) and significantly
lower for the Day 7 time point (p < 0.0001, two-way ANOVA).
(Fig. 7(D)). The background noise and peak-to-peak amplitude
directly contribute to the calculated signal-to-noise (SNR) ratio
(Fig. 7(F) and (G)). The overall SNR (Fig. 7(F)) which includes
channels with no sortable units (with the SNR set to 0) starts
higher on day 1 but declines on day 7, with no overall or time-
point-dependent significant difference. Despite having lower
single unit (SU) amplitude, the CS group had similar SNR
values to the control group due to the significantly lower noise
floor levels. The active SNR which only includes the channels

J. Mater. Chem. B, 2024, 12, 5535-5550 | 5543
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ns = not significant. N = 5 animals per group (control and CS).

recording sortable units (Fig. 7(G)) followed a similar trend for
both groups over the two time points. The % channels that
record at least one sortable SU produce the SU yield (Fig. 7(H)),
which was found to be overall significantly higher in the CS
group (74.2%) than the control group (67.2%) and at the day 1
time point but (p < 0.01, two-way ANOVA) were not signifi-
cantly different on day 7.

4. Discussion

The host tissue response experienced by implanted electrodes
is one of the main factors reducing the effectiveness of the
neural interface. While several strategies have been investi-
gated, surface coatings have demonstrated immense potential
in modulating this undesired local immune response. Hydro-
philic zwitterionic coatings show significantly reduced non-
specific protein fouling which helps to reduce the immune
response, but do not offer bioactivity towards the native
tissue.”'° Protein-based bioactive coatings, such as L1, can
address this issue and provide several benefits, however, the
production process itself can be challenging.'®'® This work
explores the use of a commercially available chondroitin-
sulfate-based coating, which not only provides anti-fouling

5544 | J Mater. Chem. B, 2024, 12, 5535-5550

and bioactive benefits but can be functionalized on the device
surface through a simple process. We first characterized the
immobilized coating via in vitro assays, which was followed by
evaluating the acute in vivo tissue response. Finally, we com-
pared the recording quality of CS-coated electrodes to uncoated
controls during a week-long implantation study in the striatum.

4.1 Stability of the coating

It is critical to test the stability of a coating that is expected to
operate in a complex biological environment. We soaked coated
substrates in saline buffer for 1, 2, and 4 weeks at room
temperature, and evaluated the changes in coating thickness,
hydrophilicity, and anti-fouling properties. As the soak time
increased, we did observe a gradual decrease in the coating
thickness, and a corresponding decrease in the wettability, as
compared to freshly coated surfaces. However, the coating thick-
ness was still in the expected range for covalently linked poly-
saccharide coatings**' and the water contact angle remained
significantly lower than the uncoated controls. Moreover, despite
the slight deterioration of the coating after soaking, its anti-
fouling effect was sustained for 4 weeks, as no significant
difference was found in the amount of non-specifically adsorbed
fluorescently labeled protein when compared to freshly coated

This journal is © The Royal Society of Chemistry 2024
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Fig. 7

In vivo electrophysiological striatal recording. (A) Single-unit waveforms recorded from a 16-channel silicon electrode from a single animal in the

control group (n = 4 per group) at day 1 and day 7. (B) Example waveforms recorded from animals implanted with CS-coated probe (n = 4 animals per
group) on day 1 and day 7. Waveforms are plotted in a 1.2 millisecond window. (C) Average impedance measurements for all animals for the control and
CS group on day 1 and day 7. (D) Average noise (uV) for all animals. (E) Peak-to-peak amplitude (1V) of the single units recorded from both groups (F)
Overall signal-to-noise ratio (SNR) in both groups. (G) Active SNR reporting SNR across channels with sortable single units. (H) Channel yield reporting the
% channels recording at least one sortable unit. Group-wise comparisons between different time points are indicated on the figures and overall
comparison across all time points is shown next to the legend. Two-way ANOVA with Sidak’s multiple comparison tests were used for statistical analysis,

*p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001.

surfaces. The hydrophilicity of the surface can reduce the high
interfacial energy, making protein adsorption less favorable.*?
This antifouling property is the most valuable during implanta-
tion when the surface of the electrode is prone to plasma protein
adsorption and inflammatory cell attachment which ultimately
dictate the subsequent immune response.**® Thus, the reduction
in protein adsorption at this early stage may improve the like-
lihood of more seamless integration and a dampened chronic
immune response.

4.2 Bioactivity toward neurons

Primary neurons were cultured on CS-coated substrates to
evaluate the coating’s specific bioactivity towards neurons.
We observed that after 2 days of in vitro growth, there were
significantly longer neurites on CS-coated substrates as

This journal is © The Royal Society of Chemistry 2024

compared to the uncoated bare control. This observation is
consistent with other studies that highlighted the neurite-
growth-promoting effect of immobilized and highly sulfated
sub-types of chondroitin sulfate.?>*”*® Specifically, one study
identified chondroitin sulfate-D as an extracellular ligand for
neuronal integrin aVB3, a heterodimer receptor involved in
integrin-mediated cell adhesion pathways.>’ While there are
some contradictory in vitro findings regarding CS’s ability to
modulate neuronal growth,**" generally, highly sulfated sub-
types have been linked to neuronal growth-promoting proper-
ties, whereas lower sulfated sub-types exhibit inhibition
towards neuronal growth.**>>

As compared to our in vitro cell culture studies, we observed
a similar effect of the coating on the local neuronal population.
We found elevated neuronal nuclei (NeuN) and neurofilament
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(NF200) around the coated implant as compared to the control
for up to 150 microns from the implant after 1-week of implan-
tation. Interestingly, we observed increased neurofilament
expression localized near the coated implant site, potentially
suggesting an interaction of the local tissue with the coating.

4.3 Effect on acute inflammatory response

Before assessing the inflammatory response to the coating
in vivo, we cultured primary microglia on CS-coated substrates
to better understand the response in a simpler in vitro model.
We found a significant reduction in the microglial cell viability
on CS-coated substrates, which is likely due to the increased
hydrophilicity in the coated substrates which prevents micro-
glial adhesion in the first place. Several studies have demon-
strated microglial preference towards hydrophobic surfaces for
optimal attachment and function.*®>*>* The reduced cell via-
bility then explains the reduced phagocytic ability, as there are
fewer viable cells with limited function. Phagocytosis is a key
microglial function that involves clearing out debris from injury
or apoptosis and contributes to neuronal network development
along with maintaining homeostasis.>>>® However, during
pathological conditions such as chronic inflammation, damaged
or stressed, but still viable, neurons may aberrantly get removed
by microglia. This heightened phagocytic activity may result
in premature neuronal loss and neurodegeneration.**”” We
observed this phenomenon close to the probe hole in the control
group but not in the CS group (ESL Fig. S2). Thus, it is possible
that the observed reduction in microglial activation and
enhancement of neuronal population around the coated probe
could be due to fewer abnormal microglia prematurely engulfing
neurons. Since electrode implantation is inherently traumatic
and induces local inflammation, the coating’s dampening effect
on the microglial phagocytic response might help with neuronal
survival.

Acute histological studies showed a dramatic reduction in
the Iba-1 intensity around the CS-coated site as compared to the
control. Our in vitro studies suggest that surface hydrophilicity
of the coated electrodes prevents non-specific protein fouling,
which is the initiating step for the acute inflammatory
response. Reduction in protein fouling could dampen the
microglial migration and activation towards the injury site,
supported by the reduced Iba-1 intensity around the coated
electrode, as compared to the control (Fig. 6(A) and (B)).
Previous work with hydrophilic anti-fouling zwitterionic poly-
mers demonstrated a significantly lower percentage of elec-
trode surface area encapsulated by microglia, as observed with
two-photon microscopy.®*°

We did not observe any significant differences between
astrocytic reactivity around the implant site between the
groups, which is likely due to the acute nature of the implanta-
tion. The formation of a glial scar, composed of reactive
astrocytes, is characteristic of chronic implantation, typically
longer than one week.>® The intensity of IgG protein fouling, an
indicator of blood-brain barrier leakage, was significantly
lower around the CS-coated implants. The reduction in micro-
glial activation could potentially reduce the BBB damage in the
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CS group as compared to the control. The anti-fouling property
of the surface could further reduce the adsorption of the
leaking IgG protein. The higher wettability of the coated probe
could also aid in the insertion, providing more lubrication®®
while resisting non-specific protein fouling. Examination of the
explanted electrode surface also showed that the CS-coated
surface resisted adherence of biological matter as compared
to the uncoated probes (ESL,} Fig. S1). Taken with other results
that demonstrate the anti-fouling nature of the coating, these
observations corroborate the finding.

4.4 Effect on recording quality

The increased wettability of CS-coated electrodes likely reduced
the in vitro electrochemical impedance of the device as com-
pared to the control electrodes. This trend was observed even
after in vivo implantation (Fig. 7(C)). The hydrophilic coating
can not only provide a lubricating surface during insertion,*®
but also prevent non-specific protein adsorption during the
initial implantation, further dampening the acute inflamma-
tory response. While not a perfect measure, the electrical
impedance can hint at the extent of tissue encapsulation.®®°*
We observed lower impedance sustained throughout implanta-
tion in the coated group which indicates lower protein adsorp-
tion and glial encapsulation around coated electrodes as
compared to the control group.

Overall, we observed similar recording performance between
the control and CS groups (Fig. 7(E)-(H)). This is still encoura-
ging and indicates that the coating did not exhibit any toxic or
detrimental effects on the nearby tissue. Interestingly, even
though the average peak-to-peak amplitude recorded from the
coated probes was lower than the control group, it remained
relatively stable for the implantation duration for both groups.
While the intended implantation region was the same between
animals, there is natural variability in the anatomical regions
from where the electrodes are recording. Electrode sites that are
closer to the axonal regions of the medium spiny neurons,
likely pick up smaller amplitude spikes as opposed to the soma,
which can generate larger amplitude spikes.®> **

We also observed lower noise floor levels for coated electro-
des as compared to the control group. Therefore, despite
recording lower amplitude single units from the coated electro-
des, due to the lower noise floor, the resulting SNR values were
ultimately insignificant between the coated and control groups
and declined after a week in both groups. The SU yield was
overall higher in the CS group as compared to the control
group, indicating a higher number of electrode sites actively
recording units. Thus, while the coating did not contribute to
enhancing the SU amplitude, it helped to enhance the SU yield
of the electrodes.

Implantable microelectrode arrays have been used exten-
sively to record extracellular neural activity from various cor-
tical regions®>® to better understand underlying neural
circuitry and associated behaviors. Compared to the control
group in our previous studies,'®'® with chronic recordings
from the cortical regions, in our current study, we observed a
slower decline in the impedance, noise floor, and SU yield for

This journal is © The Royal Society of Chemistry 2024
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the week-long implantation period in the striatum. In terms of
biocompatibility, the CS coating demonstrated an overall simi-
lar benefit in reducing the tissue response when compared to
previously published studies utilizing non-biologic anti-fouling
zwitterionic coating® and biomimetic L1-coating in mice at the
1-week time point.”

Despite the wide range of recording studies, there is a
limited understanding of the in vivo extracellular single-unit
neural electrophysiology of deep brain structures like the
amygdala’’ and striatum.”” These regions are involved in
multiple functions including memory, reward, learning, and
emotional response, and dysregulated function is implicated in
several psychiatric and neurological diseases.”® In addition to
reporting the efficacy of a novel polysaccharide-based coating,
this current study also illuminates the extracellular neurophy-
siological activity of striatal medium spiny neurons, which
play a critical role in driving motivated behavior. Future
work will explore the coating’s effect on the tissue response
and neurophysiological recording quality for a chronic implan-
tation period.

5. Conclusion

In this work, we investigated the use of a chondroitin sulfate
(CS) based coating for neural recording electrodes. The hydro-
philic CS coating exhibited a significant reduction in non-
specific protein fouling through in vitro and in vivo studies as
compared to uncoated controls. The coating also promoted
neurite attachment and outgrowth of primary neurons iz vitro
and an enhanced neuronal population in vivo. We observed a
reduction in microglia attachment and activation both in our
in vitro cell culture and in vivo histology studies. Lastly,
we performed weekly impedance and electrophysiological
recordings from CS-coated silicon electrodes implanted in the
striatum for 7 days. We observed lower impedance and noise
floor from CS-coated devices, and comparable recording per-
formance (channel yield and signal-to-noise ratio) to that
recorded from control electrodes. This work highlights the
untapped potential of utilizing a novel CS-based coating
for improving the biocompatibility of neural electrodes and
its application in investigating the understudied striatum
electrophysiology.
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