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Intracortical microelectrodes are used with brain—-computer interfaces to restore lost limb
function following nervous system injury. While promising, recording ability of intracortical
microelectrodes diminishes over time due, in part, to neuroinflammation. As curcumin has
demonstrated neuroprotection through anti-inflammatory activity, we fabricated a 300 nm-thick
intracortical microelectrode coating consisting of a polyurethane copolymer of curcumin and
polyethylene glycol (PEG), denoted as poly(curcumin-PEG1ggq carbamate) (PCPC). The uniform
PCPC coating reduced silicon wafer hardness by two orders of magnitude and readily absorbed
water within minutes, demonstrating that the coating is soft and hydrophilic in nature. Using

an in vitro release model, curcumin eluted from the PCPC coating into the supernatant over 1
week; the majority of the coating was intact after an 8-week incubation in buffer, demonstrating
potential for longer term curcumin release and softness. Assessing the efficacy of PCPC

within a rat intracortical microelectrode model in vivo, there were no significant differences in
tissue inflammation, scarring, neuron viability, and myelin damage between the uncoated and
PCPC-coated probes. As the first study to implant nonfunctional probes with a polymerized
curcumin coating, we have demonstrated the biocompatibility of a PCPC coating and presented a
starting point in the design of poly(pro-curcumin) polymers as coating materials for intracortical
electrodes.

Graphical Abstract
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1. INTRODUCTION

Intracortical electrode implants have been implemented in the clinic to restore

auditory function, provide artificial vision systems, manage epileptiform activity, and
increase mobility in cases of amputation and paralysis.! Even with remarkable recent
advances, recording instability due to the neuroinflammatory response following electrode
implantation remains a major challenge.1~# Acutely after injury, microglia and blood-born
macrophages are recruited to phagocytose cellular debris. These recruited macrophages
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secrete damaging pro-inflammatory factors and reactive oxygen species that lead to local
neuron and glia cell death.25-9 In an attempt to stabilize the interface between the implanted
electrode and host tissue, reactive astrocytes form a glial scar around the electrode 2 weeks
postimplantation,2>7:10-12 potentially impeding ion diffusion which would hinder electrode
recording ability long term. Ultimately, the injury response to intracortical electrode
implantation leads to neurodegeneration,®6:12-14 Jeading to impaired recording ability.

As neuroinflammation contributes to electrode recording instability, many approaches
use systemic delivery of pharmacological agents to reduce neuroinflammation.15-18
However, major limitations of systemic drug delivery are (1) unwanted side effects
through interactions peripheral to the injury site, such as abdominal lesions from

repeated intra-peritoneal resveratrol administration,2® and (2) low drug concentrations

at the target brain tissue due to the restrictive blood—brain barrier.2% To provide local
delivery and minimize systemic side effects, studies have applied therapeutic coatings

to intracortical microelectrodes, such as dexamethasone encapsulated into nitrocellulose
layers,2! interleukin-1 receptor agonist (IL-1Ra)-incorporated poly(ethylene glycol) (PEG)-
maleimide coatings,22 and cyclodextrin polymers loaded with resveratrol.23 While these
approaches deliver drugs locally to the implant site, some coatings where drugs are
incorporated through mixing with a polymer, release drug quickly through a burst release,
are limited by the amount of cargo the carrier polymer matrix can hold, and are unable to
provide long-term drug delivery to help mitigate chronic inflammation.

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is a
polyphenolic antioxidant found in the spice turmeric from the ginger plant family,
Curcuma longa.?* Curcumin broadly mitigates inflammation and oxidative stress and

has been studied globally as a treatment for arthritis, cancer, bacterial infection, and
metabolic syndrome.24:25 Curcumin mediates oxidative stress via its hydrogen atoms a

to both ketones26 and the phenol moieties?’ (Figure 1A). Various in vitro and in vivo
nervous system injury models have demonstrated curcumin’s ability to protect cells against
peroxynitrite damage,28 lipid peroxidation,2® and malondialdehyde and nitric oxide levels.30
Additionally, curcumin targets microglia and canonical inflammatory pathways in vitro;
curcumin increased expression of anti-inflammatory markers 1L-4, 1L-10, and arginase-1,3
decreased proinflammatory markers including inducible nitric oxide synthase, IL-1, and
tumor necrosis factor-a,31-34 and suppressed the JAK/STAT pathway31:3% in the BV-2
microglial cell line. These antioxidant and anti-inflammatory properties may provide
neuroprotection following nervous system injury from electrode implantation.

To our knowledge, two studies applied curcumin directly to intracortical implant models,
including polymer implants consisting of poly(vinyl alcohol), cellulose nanocrystals, and
curcumin (either 1 or 3% w/w)36 and poly(vinyl acetate), cellulose nanocrystals, and
curcumin (0.01% w/w) implants.37 In both cases, the curcumin-containing materials were
created to reduce inflammation following implantation due to curcumin’s antioxidant
characteristics and from the mechanically adaptive capability of the cellulose nanocrystals.
The 0.01% (w/w) curcumin/PVAc composite material was less effective in preserving
neuron density 2 weeks postimplantation, compared to 0.01% (w/w) resveratrol containing
counterparts. However, Potter et al. observed greater neuron density proximal to the
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PVAc implant as well as a more stable blood-brain barrier compared to implants without
curcumin, though this improvement was not observed 12 weeks postimplantation.38 As
implants of Potter et al. released almost all of the curcumin over the first 10 h,36 extended
delivery of curcumin to target chronic injury phenomena would need to be achieved through
alternative strategies.

Direct polymerization of curcumin within the polymer backbone may minimize a burst
release, and the release rate may be modified by altering the chemistry used in the
polymerization. Furthermore, polymerization of curcumin may increase drug loading
efficiency, (2) stabilize curcumin, and (3) alter water solubility based on the polymer
composition. As curcumin is a diol, a number of studies have synthesized polymers
containing curcumin in the backbone.38-41 As polymerized drugs are a promising approach
for therapeutic intracortical electrode coatings, we aimed to create a curcumin polymer
that was biodegradable and hydrophilic while preserving curcumin bioactivity and ensuring
a sustained local delivery of curcumin; thus, we developed a polymerized curcumin
therapeutic via carbamate linkages, as these linkages were used in the development of other
prodrug polymers.#2

In the current study, poly(pro-curcumin-PEGqgqg carbamate) (PCPC) was synthesized via
step-growth polymerization with toluene diisocyanate (Figure 1A). PEG was incorporated
to increase polymer hydrophilicity and promote fusogen activity to repair damaged
membranes,*3 while the carbamate linkages were incorporated to enable biodegradability
on a timescale of months to years.** After nonfunctional Michigan-style single shank
probes and silicon wafers were dip coated in a PCPC solution, coatings were assessed

for uniformity and thickness, mechanical properties, water absorption and swelling,

and degradation. After demonstrating material characteristics appropriate for in vivo

testing, the PCPC-coated probes were implanted into the rat cortex for 2 weeks, and
neuroinflammation, glial scarring, neuron loss, myelination, and implant site area were
assessed using immunohistochemistry. We hypothesized that the PCPC coating would
exhibit anti-inflammatory activity, thereby reducing inflammation, glial scarring, and neuron
loss proximal to the probe. To our knowledge, this study is the first to implant nonfunctional
probes with a poly(pro-curcumin) coating into a preclinical animal model and see similar
biocompatibility to the silicon probe.

2. EXPERIMENTAL SECTION

All materials and cell culture product information (Table S1), surgical and histological
product information (Table S2), drug product and dosing information (Table S3), and
equipment and software information (Table S4) are presented in the Supporting Information.
This work was conducted as described previously.>

2.1. PCPC Synthesis and Characterization.

PEG10gg Was placed into a 140 °C vacuum oven for 48 h to remove moisture, prior to

transfer into a nitrogen-purged glove box. Within a 25 mL round bottom flask, PEG (2.844
g) was heated at 60 °C for 30 min prior to the addition of curcumin (1.084 g) and dibutyltin
dilaurate (0.098 g). Anhydrous tetrahydrofuran (THF; 5 mL) was added to the mixture and
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allowed to stir for 20 min. In a scintillation vial, toluene diisocyanate (TDI, 1.00 g) was
mixed with THF (2 mL). The TDI solution was transferred to the round bottom flask, and
the scintillation vial was rinsed and then transferred to a round bottom flask two times with
2 mL of THF to ensure that all the isocyanate is added fully to the reaction mixture. The
reaction mixture was then stirred at 50 °C for 12 h. The product became a viscous orange
solution which was then precipitated into MeOH. The gummy precipitate was then placed
into a scintillation vial and under vacuum to remove residual solvents for 48 h to yield 3.32

g.

The dried polymer was dissolved in DMSO-dg for proton nuclear magnetic resonance

(*H NMR) (Bruker 800 MHz NMR) to confirm polymer identity. For gel permeation
chromatography (GPC), PCPC was dissolved in THF and molecular weight was determined
using a Tosoh EcoSEC Elite GPC System (100 /L injection volume, 1 mL min~2 flow

rate). For differential scanning calorimetry (DSC), a TA Instruments DSC-Q100 was used to
assess the thermal properties of PCPC. Briefly, PCPC (6.45 mg) was hermetically sealed in
an aluminum pan. The sample was equilibrated to =60 °C and then heated to 150 °C at a
rate of 10 °C min~L. The glass transition temperature (7g) was determined by analyzing the
heating curves using TA Universal Analysis Software.

2.2. Dip Coating Nonfunctional Probes and Wafer with PCPC.

Nonfunctional single shank Michigan-style silicon (Si) probe (dimensions 2 mm x 123 xm
x 15 1m) fabrication (based on previously described methods#®) and polymer synthesis
methods are described in the Supporting Information. A 5% (w/w) solution of PCPC was
prepared in chloroform and stirred overnight. Each probe was plasma cleaned for 1.5 min,
and the tab was secured to Dumont SS fine forceps attached to a Stoelting stereotaxic
device (Figure S1). The probe was lowered into PCPC solution and removed at a rate of
approximately 0.4 mm s~1. Probes were dried in air with the shaft suspended on a piece

of tape. For material coating characterizations in which probes could not be used (due to
the small size of the shank), 5 x 10 mm Si wafers were dip-coated by hand for material
characterization tests using the same approximate withdrawal rate. Coated probes and wafers
were stored under vacuum and protected from light to prevent hydrolytic degradation and
compromised bioactivity, respectively. Probes used for animal experiments were sterilized
via ethylene oxide.

2.3. PCPC Probe Coating Uniformity and Swelling Characterization by Microscopy.

PCPC coating uniformity and swelling characterization was performed using an FEI Versa
3D Dual Beam scanning electron microscope (SEM). Probes were first sputter-coated with
an approximately 0.5 nm layer of Au/Pd using a Hummer V Technics sputter coater. The
coating was visualized using a 2 kV electron beam, 5.0 spot size, and a working distance

of 10 mm. Images were taken at 66x to image the top surface of the entire probe. Images

of the side of the probe were taken at 6500x to assess the uniformity on the side surface

as well. One probe from each coating batch was imaged and analyzed (/7= 4 probe). Each
batch is defined as using a newly prepared polymer solution for dip coating less than 1 week
prior to implantation. To ensure that there was minimal swelling of the PCPC coating (as
swelling could cause tissue damage), /7= 3 probes were imaged 1 week following incubation
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in diH,0 at 37 °C; diH,0 was used instead of physiologically relevant buffers to prevent salt
crystallization on the probe.

Coating uniformity and swelling were also assessed using an Olympus 1X-81 Confocal
Microscope and Metamorph Premier 7.7.3.0 imaging software. Using curcumin’s native
fluorescence, images were taken at an emission wavelength of Agy = 550 nm, at an
exposure of 100 ms, and using a gain of 100. To assess uniformity, fluorescence and
brightfield images were taken at 4x to obtain the top view of the probe. A minimum of

one probe from each batch was imaged and analyzed (7= 6 probes) to ensure coating
consistency between batches. To further assess swelling after submersion in PBS, the side
surface of probes was imaged at 40x magnification. Images were captured immediately after
submersion following 15 min of incubation in PBS, when water absorption equilibrium was
reached (/7= 2 probes).

2.4. Quantification of PCPC Surface Area Coverage on the Probe.

To quantify the total area covered by the probe coating, FI1JI software was used to outline
the boundaries of each probe using a binary mask from the brightfield channel image. The
region representing the probe was quantified using the analyze particle function (minimum
size threshold = 50,000). To quantify the total area covered by the PCPC coating, the
fluorescent regions indicating coating were outlined and quantified using the analyze
particle function (minimum size threshold = 5). Results are reported as the mean percent
area covered + standard error of the mean (/7= 6 probes from three batches).

2.5. PCPC Coating Nanoindentation on Silicon Wafer.

Nanoindentation experiments were performed using a Hysitron Tribolndenter with a load
resolution of 100 nN, a displacement resolution of 1 nm, and a maximum indentation

depth of 5 gm. A Berkovich tip with a 100 nm radius was used. Quasi-static displacement-
controlled nanoindentation testing was performed with a displacement vs time profile, a
4-nm s71 loading and unloading rate, and a 20 nm peak (10-s total time profile) at room
temperature (RT). Before and after each test, the standard quartz sample was also tested with
the same load function parameters. Each specimen was tested with 12 indents (4 x 3 grid
with 10-4m separation) on /7= 3 Si and n= 3 PCPC-coated Si wafers. The reduced modulus
(&) and hardness (H) of the indents were calculated using the Hysitron Tribolndenter’s
data analysis software. The values for the technical replicate indents on each sample were
averaged, and then the sample means were averaged. Results were plotted as the mean £ or
H (GPa) = standard error of the mean.

2.6. PCPC Water Absorbance on Silicon Wafer.

Using a Kruss DSA100 Drop Shape Analyzer, the wetting/water absorption equilibrium of
the PCPC coating was assessed. A 3 uL droplet of water was applied to Si and PCPC-coated
Si wafers. An image was captured immediately and every 30 s thereafter for up to 15

min. The static water contact angle was then measured using the Kruss DSA100 software
until the PCPC coating began to absorb water and assume an irregular shape. The mean
contact angle (average of the right and left sides of the water droplet) was calculated at

each timepoint and averaged with the other wafer replicates (n= 3-5 different wafers were
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used for each surface condition). The mean contact angle (+ standard error of the mean) was
plotted as a function of time.

2.7. PCPC Silicon Wafer Coating Degradation/Dissolution into the Supernatant.

PCPC dip-coated Si wafers (5 x 10 mm) were incubated in PBS (1 mL) in a 37 °C, 95%
air/5% CO, incubator. The supernatant was collected at 4 and 8 h, 1, 2, 5, 8, and 11 days,
and 2, 3, 4, 5, 6, and 8 weeks postincubation. The supernatant was replaced with PBS (1
mL) at each time point. The supernatants were stored at —20 °C until they were lyophilized,
resuspended in 100% ethanol, and centrifuged down at 10,000 rpm for 30 s at 4 °C to pellet
the salts. A standard curve using PCPC in 100% ethanol was made and measured using a
Tecan M200 plate reader. The fluorescence intensity of each sample was plotted as mean
total soluble PCPC release products in nmol (z standard error of the mean) against time (7=
3-4 wafers per time point).

2.8. PCPC Silicon Wafer Coating Degradation/Dissolution by Confocal Microscopy.

To quantify the amount of PCPC remaining on the Si wafer after incubation, PCPC-coated
wafers at parallel time points to supernatant measurements (0, 1, 2, and 8 weeks) were
imaged using an Olympus 1X-81 Confocal Microscope and Metamorph Premier 7.7.3.0
imaging software. Using curcumin’s native fluorescence, 10x images of five different fields
of view (FoV) on each wafer (7= 3 wafers per time point) were captured (at an emission
wavelength, Agpm = 550 nm) with an exposure of 100 ms and a gain of 100. For each field
of view, the mean fluorescence intensity (MFI) was determined using the histogram tool in
ImageJ for 500 x 500 4m regions. The average MFI for each wafer was calculated. As dark
voids in the coatings of incubated wafers were observed, the supernatant was also imaged
using confocal microscopy at 40x magnification for each time point.

2.9. Antioxidant Activity of PCPC by 2,2-Diphenyl-1-picrylhydrazyl (DPPH).

Antioxidant activity of the polymer was confirmed using a DPPH assay. DPPH is a radical
compound that readily reacts with antioxidant compounds and subsequently loses its purple
hue. A 100 g mL1 solution of DPPH was prepared in 100% ethanol. An absorbance
spectrum was collected using a Tecan M200 plate reader, A = 200-800 nm. A 16-ng piece
of PCPC was placed into the DPPH solution and put on a shake plate at a setting of 250
rpm. After 30 min, a dramatic color change from purple to yellow was observed, and the
absorbance spectrum was collected again. The absorbance spectrum of PCPC alone was
used as a control.

2.10. Nonfunctional Probe Implantation Procedure.

Approval for surgical procedures was granted by the Institutional Animal Care and Use
Committee (IACUC) at Rensselaer Polytechnic Institute. Male (7= 7) and female (n=

6) 9-week old Sprague Dawley rats were used for the procedures.’ Animals were given

a carprofen cup to provide analgesia the day prior surgical procedures. Anesthesia was
induced with an EZ-150C classic anesthesia machine using 4% isoflurane in 1.5 L min~1 of
O, for 4 min prior to surgery. Once anesthetized, rats were prepped by first applying eye
ointment to prevent drying, following which an approximately 1 x 1 in region of the scalp
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was shaved. Marcaine (0.25%) was injected subcutaneously to the scalp at the incision site
to provide local anesthesia (Table S3). Cefazolin (25 mg kg™1) was injected subcutaneously
in the mid-back to prevent infection (Table S3). Toenails were trimmed to prevent the animal
from removing sutures.

Surgical procedures closely followed established protocols.®#6:48 The animal was secured
in a Stoelting stereotaxic device under a heating pad, and sedation was maintained using
isoflurane (1.75-2.75%) and monitored using a Kent Scientific PhysioSuite vitals monitor.
The scalp was cleaned with alternating swabs of chlorohexidine (2%) and isopropanol
(70%). A 1-in midline incision was made to the scalp. Eye retractors were inserted to
maintain access to the skull. Periosteum was scrubbed away using sterile Q-tips, and the
skull was dehydrated using hydrogen peroxide. Instances of persistent bleeding of the
periosteum were managed using an electrocautery pen. The stereotaxic device was used to
navigate caudal from the Bregma (2 mm for males and 1.5 mm for females) and lateral from
the midline on both sides (2 mm); as females were 25-30% smaller, the caudal distance

was reduced to ensure implantation into the sensorimotor cortex. A dental drill with a 1.5
mm bit was used for the craniotomy, and the dura was reflected using a 45°-angle pick.

An ethylene oxide-sterilized probe was implanted manually into the sensorimotor cortex
using fine forceps. Kwik-Cast, a silicone elastomer, was applied over the implant to prevent
the brain from drying. Each animal received duplicate probe conditions, either uncoated or
PCPC-coated, to ensure that diffusion of coating components would not confound the results
of uncoated implants (7= 6-7 animals per coating condition with a minimum of three males
and three females per condition). The level of bleeding during drilling, dura reflection, and
implantation was noted, and implant sites with excessive bleeding were removed from the
study. Vetbond tissue adhesive was spread on the skull to allow adhesion of dental cement.
Probes were secured to the skull using dental cement, and the incision was closed using an
average of eight stitches with 5-0 prolene Ethicon sutures (8890H).

Immediately after surgery, lidocaine cream and triple antibiotic ointment were applied
around the incision site for pain and infection management, respectively. Warm saline (5
mL) and buprenorphine (0.05 mg kg™1) were administered subcutaneously for dehydration
and pain management, respectively. Postoperative care and monitoring were provided for

1 week following surgery. Subcutaneous buprenorphine (0.05 mg kg™1) was administered
every 4-6 h during the first 12 h postsurgery, with a reduced frequency of every 8-12 h
during the following 72 h postsurgery or as needed. Triple antibiotic ointment and lidocaine
cream were also applied at each time of injection.

2.11. Tissue Processing.

At the predetermined endpoint of 2 weeks postimplantation, animals were anesthetized

with 4% isoflurane in 1.5 L min~1 of O, for 5 min in the preparation for perfusions.
Following which, ketamine (160 mg kg™1) and xylazine (20 mg kg™1) were administered
via intraperitoneal injection. Briefly, animals were perfused with warm 1x PBS (700-800
mL) at a rate of 6 mL min~1 until the liver was perfused followed by 325 mL of 30%
sucrose in 1x PBS for cryopreservation. The brain was carefully removed from the skull and
immediately frozen into optimal cutting temperature compound on dry ice for a minimum
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of 1 h before being stored at —80 °C for downstream sectioning. The brain was equilibrated
using a —20 °C freezer for a minimum of 12 h prior to cryosectioning. Tissue was sectioned
using a Leica CM1520 Cryostat at =20 °C. Sequential axial sections were cut 20 xm thick
onto unifrost microscope slides through the depth of the probe. Slides were stored at —80 °C
until staining.

Immunohistochemistry.

Samples were thawed for approximately 1 h prior to staining. Brain slices that were
approximately 500, 700, 900, 1000, and 1200 pm deep were stained to provide a
representative tissue response for the entire mid-section of the probe. Sections were fixed
using 4% (v/v) paraformaldehyde (PFA) for 15 min and then washed three times using PBS.
Blocking buffer containing 4% (v/v) goat serum and 0.3% (v/v) Triton-X 100 in PBS was
applied to sections for 1 h at RT. Sections were then incubated with primary antibody in
blocking buffer (Table S5) for 18 h at 4 °C in a humidity chamber to label the cluster of
differentiation 68 (CD68) for activated microglia and macrophages, glial fibrillary acidic
protein (GFAP) for the astrocytic glial scar, neuronal nuclei (NeuN), and myelin basic
protein (MBP). Sections were washed with 1x PBS containing Triton-X 100 (0.1% v/v) six
times. Sections were then incubated in blocking buffer containing secondary antibody (Table
S6) for 2 h at RT protected from light in a humidity chamber. Sections were incubated in
DAPI (1:1000) in PBS containing 0.1% (v/v) Triton-X 100 for 10 min protected from light
at RT. Sections were then washed five additional times with PBS containing 0.1% (v/v)
Triton-X 100 and three additional times with PBS (1 mL), 5 min per wash. To reduce tissue
autofluorescence, brains were treated with copper sulfate buffer (0.5 MM Cu,SO4 and 50
mM NH4CH3CO, in deionized water) for 10 min protected from light at RT and then rinsed
three times with deionized water. Slides were mounted using Prolong Diamond Anti-Fade
mounting medium and covered with a cover glass. Slides were batched stained, grouping
animals from the same surgery days that had uncoated and PCPC-coated implants to ensure
that all groups were treated the same.

2.13. Confocal Microscopy Imaging of Brain Sections.

An Olympus 1X-81 Confocal Microscope and Metamorph Premier 7.7.3.0 imaging software
were used to image brain sections. Sections from animals with uncoated probes and animals
with PCPC-coated probes were imaged in the same sitting using the same settings (Table
S7) to ensure that differences in fluorescence intensity were actually due to a difference in
the physiological response. For analysis, images with the implant site centered in the field

of view were taken at 4x to ensure a 1-mm radius for analysis around the implant site. The
representative images were taken at 10x to better visualize the region around the implant
site. Images were taken for the right and left hemispheres of each brain at the depths listed in
the Immunohistochemistry section. The researchers imaging the brains were blinded to the
treatment group.

2.14. Quantitative Tissue Analysis.

To assess the ability of the PCPC coating to reduce CD68 and MBP levels, normalized
fluorescence intensity (+ standard error of the mean) was plotted as a function of distance
from the implant for each marker. This was achieved using a custom MATLAB code
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produced in-house by the Capadona Lab*® in which implant sites were outlined using the
MBP channels. The MATLAB code then assessed the MFI in binned regions extending 5 xm
radially from the hole boundary. The code then normalized the MFI for each bin to the MFI
for 500-600 xm from the hole boundary as this was deemed healthy tissue. A minimum of
four slice depths between 500 and 1200 pm deep were assessed for each brain, resulting in a
minimum of 24 implant cross sections analyzed per condition. The researchers outlining the
holes were blinded to the treatment group.

2.15. Statistical Analysis.

All data were analyzed in Minitab 19. Data were first assessed for normality using

the Ryan-Joiner Test and equal variances when applicable. For profilometry, data were
represented as a mean + standard error of the mean. A two-sample ftest was used to
assess differences between coated probes and coated wafers. Nanoindentation data were
represented as mean + standard error of the mean. Due to unequal variances, data were
compared using Mood’s Median Test. For contact angle measurements, data points are
represented as mean + standard error of the mean. Differences at each time point were
assessed using a two-sample ¢test. Wafer fluorescence intensity and total soluble curcumin
were represented as mean = standard error of the mean at each time point.

For immunohistochemical analyses, data taken from each implant side (left and right) and
all implant depths (500-600, 600-800, 800-1000, 1000-1200, and 1200-1400 tm) were
considered to be technical replicates and were averaged for each animal. Normalized MFI
data were fit to a General Linear Model to assess the effect of coating and potential
interaction effects of the coating and the confounding variable animal sex. Significance

for each coefficient in the model was established at p < 0.05. For each treatment (coating
condition) or blocked factor (animal sex), there is a term for each factor level: (1) coating —
no coating and PCPC coating and (2) sex — female and male. The effect of the PCPC coating
(*) and animal sex @ on fluorescence intensity as well as the interaction effect between
coating condition and sex (- was assessed with significance established at p < 0.05. Data
were assessed for normality using the Ryan—Joiner test and equal variances then analysis of
variance was also run with post hoc Dunnett’s test. Animal designated “ML” was removed
from the curcumin group for CD68 and MBP due to staining issues resulting in a high
background signal. Detailed statistical data are reported in the Supporting Information.

3. RESULTS AND DISCUSSION

To our knowledge, this is the first study to both synthesize poly(curcumin-PEGqgqq
carbamate) (PCPC) via step-growth polymerization (Figure 1A) and implant nonfunctional
probes coated with a curcumin polymer. Before implanting the PCPC-coated nonfunctional
probes, the following coating aspects were assessed: (1) morphology and uniformity, (2)
mechanical properties, (3) water absorption and swelling, and (4) degradation, dissolution,
and antioxidant activity.
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3.1. PCPC Synthesis and Characterization.

PCPC was synthesized by step growth polymerization of curcumin and PEG with TDI.
Conversion to polymer was evident from the appearance of resonances in the aromatic
region 6.75-7.75 ppm in the 1H NMR spectra of the resulting sticky gum-like product
(Figure 1B, maroon trace). The weight-average molecular weight was found to be M, ~

11 kg/mol (£ = 1.985) by GPC relative to polystyrene standards (Figure 1C, red). DSC

was performed in order to determine the glass transition temperature of the material, which
yielded a value of 74 ~ 15 °C (Figure 1D). This thermal transition is far below physiological
temperature (37 °C), supporting the notion that the material will exhibit soft, rubbery
characteristics when implanted, which is also in good agreement with the nanoindentation
data below (Figure 3B).

3.2. PCPC Uniformly Coats Probes.

Electrodes were dip coated with this batch of PCPC polymer. To ensure that PCPC

coatings were consistent between batches, nonfunctional probes from each coating batch
were imaged using scanning electron and confocal microscopy prior to implantation (Figure
2). Uncoated probes did not fluoresce (Figure 2A, middle) while PCPC-coated probes
exhibited fluorescent signals over the entire surface of the probe due to curcumin’s native
fluorescence, aside from a region of the tab held by the forceps during dip coating

(Figure 2B, middle). Accordingly, quantitative analysis demonstrated that 93 + 5.3% of

the probe surface was covered by the PCPC coating. In the probe mplantation model, the
top millimeter of the tab remained above the skull and did not interface with brain tissue.
SEM showed no change in probe morphology with the PCPC coating (Figure 2B, right)

as well as no discernable changes in probe thickness due to the PCPC coating (Figure

S2). Quantification of PCPC probe coating thickness using profilometry showed that these
coatings were approximately 300 nm thick, increasing probe thickness by approximately 4%
(Figure S3).

3.3. PCPC Coating Reduces Hardness of Silicon Wafer.

To minimize tissue damage following implantation, it is important to the minimize
mechanical mismatch between the probe interface and the brain, which has an average
modulus on the order of 1-2 kPa.50 In the current study, nanoindentation was used to
assess the reduced modulus and hardness of Si wafers and Si wafers with a 1.5 zm-thick
PCPC coating (Figure 3A,B). The reduced modulus considers both the elastic deformation
of the specimen and the indentation tip and, in this case, is similar to the modulus of

the PCPC coating itself due to its significant deformation. The median reduced modulus
of the Si wafer (187 GPa with IQR = 28.2 GPa) is approximately 33-fold higher than

that of PCPC-coated Si wafer (5.69 GPa with IQR 1.24 GPa) (/1/2 [1] = 6.00, p=0.014;
Figure 3C). Similarly, the median hardness of Si wafer (12.9 GPa with IQR = 0.525

GPa) is approximately 82-fold higher than that of PCPC-coated Si wafer (0.157 GPa with
IQR =0.0394 GPa) (y [1] = 6.00, p=0.014; Figure 3D). It is evident that the coating
dramatically reduces the mechanical mismatch of the probe. While the coating offers some
mechanical benefit, additional improvements are necessary to completely mitigate damage
from mechanical mismatch.
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3.4. PCPC Coating Absorbs Water with Negligible Swelling.

To assess the hydrophobicity of the PCPC coating, the static water contact angle was
measured on both Si and PCPC-coated Si wafers. PCPC appeared to be more hydrophobic
than Si, but the contact angle reduced dramatically within 30 s of dropping water on PCPC-
coated wafers, with PCPC eventually absorbing water into the coating. From a time course
of static water contact angle measurements (Figure 4A,B), droplets on both Si wafer and
PCPC-coated Si wafer exhibited spreading over time with a reduction of the mean PCPC
contact angle from 96.70 £ 6.72° to 73.06 + 3.89° after the first 30 s (Figure 4C). After 3
min, the water droplet became irregularly shaped as the polymer absorbed more water, and
the contact angle could not be measured. After 2 min, there was no significant difference
between the PCPC-coated and uncoated Si wafer measurements (Figure 4C), and the entire
water droplet was completely absorbed by the PCPC coating after 15 min.

Based on the absorption of water, there were concerns that the coating would swell
significantly, which could increase tissue damage. Thus, successive confocal images were
taken of PCPC-coated probes until the absorption equilibrium was reached in 1x PBS (15
min). No major changes in the probe thickness were observed; however, a slight increase
in the fluorescence signal of the background was observed, suggesting elution of unreacted
curcumin/metabolites (Figure 4D). SEM images were also taken of the PCPC-coated probe
before and after a 1-week incubation in deionized water at 37 °C to examine changes

in the coating thickness for extended duration at physiological temperature. The surface
coating was indistinguishable from the probe surface itself before and after incubation in
water, supporting submicron thickness and minimal swelling (Figure 4E), which may be
due to intermolecular hydrogen bonding as seen by Dai et al. and Zhang et al.>1:52 This
suggests that there is no risk of damaging tissue through increases in the probe thickness.
Microscopy also showed no damage to the probe through the dip coating and incubation
processes (Figure 4D,E). Future work should assess the effect of PCPC and future coatings
on electrode integrity and electrode impedance, as described by Krebs et al 53

3.5. PCPC Coating Remains Intact while Releasing PCPC Degradation Products.

To characterize the rate at which PCPC degraded and curcumin or its metabolites were
dissolved in solution, PCPC-coated wafers were incubated in 1x PBS at 37 °C for up to

8 weeks and changes in fluorescence of the PBS supernatant as well as the fluorescence
signal on the coated wafer were quantified. Despite some delamination of coating from the
Si substrate, the PCPC coating remained intact following the 8-week incubation (Figure 5A).
Examining a 0.25 mm? area of the coating, the sample fields of view show a reduction in
MFI over time that stabilized after 1 week. The visible presence of coating and stability of
fluorescence signal at 8 weeks suggests that the coating degrades over the scale of months or
longer, which may be necessary for treatment and mitigation of chronic probe-induced tissue
damage (Figure 5A,B).

To confirm whether the polymerization of curcumin was deemed critical for its stabilization
and long-term delivery, a mixture of PEG 10 K and curcumin monomer with the same
estimated mole ratio as in PCPC were coated onto probes and wafers. The fluorescence
signal of the PEG/curcumin mixture had a dramatically lower intensity than the PCPC
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coating. Furthermore, the curcumin was released within an hour of incubation (Figure S4),
suggesting that curcumin non-covalently mixed with PEG would not provide sustained
curcumin delivery and long-term antioxidant activity.

Despite visualizing an intact coating by photography (Figure 5A), fluorescence voids were
visible in the coating after 1 week in PBS (Figure 5B). Microscopic crystallites were
observed on the surface of the PCPC coating after 2- and 8-week incubations via SEM
(Figure S5). Since curcumin is the source of the fluorescence of PCPC, the images suggest
that curcumin monomer, metabolites, or small polymer fragments rich in curcumin have
phase separated after aqueous incubation. This hypothesis is further supported by the
presence of fluorescent crystals in the PBS supernatant (Figure 5C). These supernatant
concentrations were quantified, and after 1 week, approximately 300 nmol of curcumin,
metabolites, and/or PCPC oligomer were dissolved in PBS from one coated wafer, leveling
off at approximately 1600 nmol at 8 weeks (Figure 5D). Due to the microscale size of
intracortical probes for rats, wafers were used to estimate the amount of curcumin, curcumin
metabolites, and PCPC oligomers released over time. By dissolving the coating off of the
probe and measuring the fluorescence (Figure S6), 240 £ 30 nmol of curcumin were in
PCPC on each probe. Based on this, it was estimated that approximately 0.63 nmol of
curcumin and curcumin degradation products would release from the probe to local tissue.

Through hydrolytic degradation followed by decarboxylation, we expect that cleavage of the
urethane linkages will result in the release of curcumin, as well as the known auto-oxidation
byproducts of curcumin.®#-56 |n addition, byproducts include PEG and the diaminotoluene
derived from the TDI linker unit. At the same time, it has been shown that the curcumin
within intact (not degraded) repeating units can still exert antioxidant activity,>’ such that
degradation is not a strict prerequisite for activity of the coated films.

We next aimed to confirm that PCPC exhibited antioxidant activities, as studies have shown
that curcumin’s beneficial effects are due, at least in part, to its antioxidant activity.26-30
Somparn et al. showed that curcumin metabolites, particularly tetrahydrocurcumin and
hexahydrocurcumin, exhibit equal, if not more robust antioxidant activity compared to
curcumin itself.58:59 To confirm PCPC antioxidant activity, its ability to quench radicals was
assessed using the free radical compound DPPH. After shaking PCPC in DPPH for 30 min,
PCPC quenched the free radical, causing the DPPH solution to lose its purple hue (Figure
5E,F). It is hypothesized that curcumin may mediate oxidative stress via H atom donation
from the a carbon or the para hydroxyl.26:27 Curcumin monomer in pH 7.4 PBS is likely in
the enol form,2” suggesting radical chain-breaking via phenol hydrogen atom donation. As
the polymer also appears to exhibit antioxidant activity and the polymerized form does not
have phenolic hydrogen atoms to donate, it is likely that there is also chain-breaking via the
a hydrogen atom.

3.6. PCPC Demonstrates Similar Biocompatibility to Silicon Nonfunctional Probes.

After in vitro material assessment confirmed a uniform PCPC coating, reduced mechanical
mismatch of the probe, and intact coating after 8 weeks, nonfunctional PCPC-coated probes
were incubated for up to 1 week within an agarose hydrogel to confirm the coating remained
on the probe after mechanical perturbation. Though fluorescence signal intensity was
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reduced after incubation in agarose, the coating did not delaminate from the probe during
withdrawal from the agarose hydrogel at any time point studied, suggesting some coating
stability with probe insertion and removal (Figure S7). This supports that the nanothin
coating might be resistant to delamination upon implantation and subsequent micromotion
within the brain.

A pilot study was conducted where uncoated and PCPC-coated non-functional probes were
implanted into the rat sensorimotor cortex for 2 weeks. Inflammation, glial scarring, neuron
loss, and MBP levels were assessed as a function of distance from the implant site using
immunohistochemistry. The MFI of binned regions were normalized to the MFI of a 100-zm
binned distance of healthy tissue. For all markers assessed at any distance from the implant
site, there was no significant difference between the uncoated and PCPC-coated probe
groups (Figure 6), indicating no significant change in neuroinflammation, glial scarring,
neuron viability, and myelin loss. There was also no significant difference in the implant
hole area in response to the coating (Figure S8), further suggesting biocompatibility similar
to the silicon probe and lack of toxicity of the newly developed PCPC coating.

While results show similar biocompatibility of the silicon probe and the PCPC-coated probe,
suggesting that the coating does not possess additional toxicity, the PCPC coating did

not result in statistically significant improvements in the tissue responses as hypothesized
(Figure 6). An insignificant trend in myelin basic protein was observed where there was a
reduction in MBP staining with the PCPC coating. A study by Gonsalvez et al. suggests
that myelin damage increases MBP’s antigenicity, resulting in a higher MBP signal by
immunostaining,50 so we expected to see increased MBP in animals with uncoated probes
compared to PCPC-coated. We also examined the effect of sex on the response to the
PCPC coating; preliminary results show that PCPC may contribute to preservation of
myelin in males (Figure S9). While this data is inconclusive due to low statistical power,
differences in staining proximal to the implant support future study of sex differences in
probe implantation and in response to related therapeutics.

We had hypothesized that the curcumin would reduce neuroinflammation, thereby reducing
scarring and neurodegeneration. As this coating did not demonstrate toxicity but also

did not demonstrate significant improvement in tissue preservation, the lack of changes
observed in tissue responses suggests that there was insufficient curcumin, curcumin lacking
bioactivity, or toxic byproducts, resulting in minimal benefit. Future work may optimize
the polymer composition and drug incorporation. Understanding challenges with curcumin
bioavailability,25 perhaps an insufficient amount of curcumin was incorporated into this
polymer, resulting in no change in tissue inflammation, scarring, and cell death. Future
work may consider using both backbone polymerization of and side-chain functionalization
with curcumin; the side-chain linkage may allow for burst release of curcumin during

the acute tissue injury window (~2 days), while the backbone may be more resistant to
degradation, allowing for coating longevity on probes that would be implanted for years

in humans. Different polymer architectures may also be assessed, such as dendrimers, to
see if curcumin loading efficiency could be increased.®® Furthermore, future studies may
consider using alternative linkers and copolymers to further improve biocompatibility; for
example, a recent study in our lab used a sebacoy! linker in place of toluene diisocyanate.>’
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In addition to the incorporation of curcumin, future studies may also incorporate other small
molecule anti-inflammatory agents to better target the macrophage and microglia response;
for example, research has shown that Iltgam, Cd14, and Irak4 play a major role in the innate
immune response to electrode implantation®? and are potential targets for electrode coatings.

4. CONCLUSIONS

Material characteristics of the PCPC coating were thoroughly studied: (1) probes were
coated thinly and uniformly with PCPC, showing consistency between batches with no
characteristics that would cause additional tissue damage. (2) The PCPC coating reduced the
Si modulus and hardness by approximately two orders of magnitude, reducing mechanical
mismatch between the probe and brain tissue. (3) The PCPC coating exhibited water
absorption but negligible swelling, suggesting that the coating will not cause additional
damage to the brain once hydrated. (4) There were high rates of curcumin/curcumin
metabolite dissolution during the first 2 weeks following submersion, estimated to elute

in amounts that are anti-inflammatory and neuroprotective. The PCPC coating also lasts a
minimum of 8 weeks, suggesting antioxidant activity on the time scale of months at the
implant site.

To our knowledge, this study was the first to implant nonfunctional intracortical probes
coated with a poly(procurcumin). While our results did not show statistically significant
differences in histological markers, our findings suggest that the PCPC coating has similar
biocompatibility to the control probes. Having a thin, uniform PCPC coating that exhibited
minimal swelling likely contributed to the coating’s biocompatibility. Finally, electrode
mechanical properties should be considered further; the combination of the PCPC coating
with in situ softening materials3.64 may offer promise for minimizing inflammation,
scarring, and neuron loss in response to intracortical microelectrode interfaces.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
BSA bovine serum albumin
CHCI3 chloroform
DM SO dimethyl sulfoxide
FoV field of view
FITC fluorescein isothiocyanate
MFI mean fluorescence intensity
MBP myelin basic protein
PBS phosphate buffered saline
PCPC poly(curcumin-PEG1 g carbamate)
PVAC poly(vinyl acetate)
RT room temperature
SEM scanning electron microscopy
Si silicon
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Figure 1.

Curcumin was successfully polymerized to synthesize poly(curcumin-PEG1qqg carbamate).
(A) Reaction scheme of PCPC synthesis via step-growth polymerization. (B) 1H NMR of
PEG1gqg (top), curcumin (middle), and PCPC (bottom) in DMSO-dg. (C) Gel permeation
chromatography of PCPC (red) in THF. PCPC molecular weight was then determined using
monodisperse polystyrene standards (green). (D) Representative PCPC sample DSC curve.
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Brightfield Fluorescence (curcumin)

A) Uncoated

B) PCPC-coated

Figure2.
Microscopy of probe demonstrates uniform PCPC coating. Fluorescence microscopy of the

native curcumin signal and scanning electron microscopy show that the morphologies of (A)
uncoated and (B) PCPC-coated probes are similar (17=6 probes with 1-2 probes from each
batch assessed prior to implantation for quality control; all scale bars = 500 gm).
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B) Sample load-displacement curve
for PCPC-coated Si wafer
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PCPC-coatings have significantly lower reduced modulus and hardness than silicon wafers.
Sample load—displacement curve for (A) Si wafer and (B) PCPC-coated Si wafer. (C)
Reduced modulus and (D) hardness summary plots are represented as mean + standard error
of the mean (7= 3 separate wafers with a minimum of 11 technical replicate measurements
taken per sample). Statistical differences between PCPC-coated Si and uncoated Si wafers
were assessed using a Mood’s Median test (*p < 0.05).
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Figure 4.
PCPC-coated wafer quickly absorbs water with minimal swelling after water absorption

equilibrium has been reached. Sample images of 3 4L static water contact angle
measurements for (A) uncoated and (B) PCPC-coated Si wafer from 0 to 3 min following
placement of water droplets. (C) Summary graph showing mean + standard error of the
mean of water contact angle at each time point (7= 3-5 PCPC-coated wafers per time
point). Two-sample #tests were conducted at each time point to assess the difference in
contact angle between uncoated and PCPC-coated Si wafers (*p < 0.001, p< 0.05). (D)
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Sample fluorescence images of the PCPC-coated probe at 7= 0, 5, and 15 min post-diH,O
incubation (scale bar = 50 gm). (E) Sample SEM images of the 15 gm thick probe side to
show the thickness of coating on the top surface without and with a 1-week incubation in
diH,0 at 37 °C (scale bars = 10 um).
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Figure5.
Degradation/dissolution of PCPC occurs during the first 2 weeks and continues at a slow

rate up to 8 weeks. (A) Sample images of entire PCPC-coated wafers at 0, 1, 2, and 8 weeks
post-PBS incubation (scale bar =5 mm). (B) Sample 10x FoV of PCPC-coated wafers at 0,
1, 2, and 8 weeks post-PBS incubation (scale bar = 150 gm). (C) Sample 40x FoV of the
wafer-incubated PBS supernatants at 0, 1, 2, and 8 weeks post-PBS incubation (scale bar =
50 um). (D) Summary plot displays changes in the fluorescence signal over time for PCPC
release products dissolved in the PBS supernatant in nmol (green diamonds) and wafer
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PCPC coating as MFI (black circles). Data are represented as mean + standard error of the
mean (7= measurements from three PCPC-coated wafers or supernatants per time point).
(E) Sample images of DPPH solution (100 g/mL in 100% ethanol) and DPPH solution 30
min post-PCPC incubation exhibiting PCPC antioxidant activity. (F) Absorbance spectrum
of DPPH, DPPH + PCPC, and PCPC solutions.
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PCPC coating demonstrates similar biocompatibility to nonfunctional silicon implants. (A)
Presence of activated microglia and macrophages was assessed through staining against
CD68, (B) astrocytic scarring levels were assessed through staining against GFAP, (C)
neuron loss was assessed through staining neuronal nuclei using NeuN, and (D) myelin
damage was assessed through staining against MBP. Sample confocal micrographs of brain
tissue that had either uncoated probes (left) or PCPC-coated probes (right) in female rats.
Sample images were taken at 10x magnification with the same settings (scale bars =
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200 um). For A, B, and D, summary plots display the normalized fluorescence intensity
(normalized to 500-600 m binned radius from hole) as a function of the distance from

the implant hole. For C, the summary plot displays the normalized neuronal survival
(normalized to 500-600 4m binned radius from hole) as a function of the distance from the
implant hole. For all, data are represented as mean + standard error of the mean. Statistical
significance between uncoated (black) and PCPC-coated (green) probe groups was assessed
using a General Linear Model (7= 3 female no coating, 3 female PCPC coating, 3 male no
coating, 3 male PCPC coating).
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