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Abstract

The inflammatory brain tissue response to implanted neural electrode devices has hindered the 

longevity of these implants. Zwitterionic polymers have a potent anti-fouling effect that decreases 

the foreign body response to subcutaneous implants. In this study, we developed a nanoscale anti-

fouling coating composed of zwitterionic poly (sulfobetaine methacrylate) (PSB) and 

polydopamine (PDA) for neural probes. The addition of PDA improved the stability of the coating 

compared to PSB alone, without compromising the anti-fouling properties of the film. PDA-PSB 

coating reduced protein adsorption by 89% compared to bare Si samples, while fibroblast adhesion 

was reduced by 86%. PDA-PSB coated silicon based neural probes were implanted into mouse 

brain, and the inflammatory tissue responses to the implants were assessed by 

immunohistochemistry one week after implantation. The PSB-PDA coated implants showed a 

significantly decreased expression of glial fibrillary acidic protein (GFAP), a marker for reactive 

astrocytes, within 70 μm from the electrode-tissue interface (p<0.05). Additionally, the coating 

reduced the microglia activation as shown in decreased Iba-1 and lectin staining, and improved 

blood-brain barrier integrity indicated by reduced immunoglobulin (IgG) leakage into the tissue 

around the probes. These findings demonstrate that anti-fouling zwitterionic coating is effective in 

suppressing the acute inflammatory brain tissue response to implants, and should be further 

investigated for its potential to improve chronic performance of neural implants.
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1. Introduction

The application of implantable electrodes as neuroprosthetic devices capable of electrically 

stimulating neurons and recording neural activities has demonstrated great potential in 

treating neurological disorders and assisting paralyzed patients via controlling external 

robotic arms [1–3]. However, neural recording devices experience degradation of signal 

quality over extended periods of implantation. One major contributing factor to the 

recording failure is the undesired inflammatory host tissue response to the implanted 

electrode, leading to acute and chronic microglia activation, neuronal loss and silencing, 

glial scarring, persistent leakage of the blood brain barrier (BBB), and demyelination [4, 5]. 

Similar host responses also have been shown to reduce the sensitivity and detection 

capability of implanted biosensors [4].

During insertion, the microelectrode tears blood vessels, mechanically damages the 

membrane of neuronal and glial cells, and breaches the BBB [6, 7]. The insertion damage 

triggers an immediate response from the resident microglia cells which extend their 

processes to the probe surface and attach and spread in an effort to encapsulate the device 

[8–10]. The vascular damage releases serum proteins into the surrounding parenchyma. 

Many of these proteins such as fibrinogen, albumin, and complement proteins are pro-

inflammatory and neurotoxic, and when adsorbed onto the electrode material surface, may 

promote the adhesion and activation of microglia and macrophage on the surface of the 

device [4]. This triggers a cascade of inflammatory tissue responses. Over time, a scar 

primarily made of microglia, activated astrocytes, and fibroblasts is formed and acts as a 

barrier to signal transmission between the electrode and nearby neurons [4, 11]. Moreover, 

neuronal loss and neurite degeneration is observed which could lead to degradation of 

recording signals [12, 13].

Because of the critical role that protein adsorption plays in host tissue response, decreasing 

the adsorption of serum protein onto the implant surface may suppress microglia/

macrophage aggregation and activation, which further minimizes the inflammation cascade 

and neuronal loss. It is documented that biomaterial surface properties can affect the types, 

concentration, conformation, orientation, and binding strength of the adsorbed proteins [14]. 

In an attempt to reduce protein adsorption and inflammatory cell attachment, different 

strategies have been developed through surface coatings and modifications of the implants 

surface [15–17]. Historically, modifying the hydrophobic surface of implants with 

hydrophilic materials has been a primary approach due to their low-fouling nature and the 

consequently improved tissue response [18, 19]. A gold standard hydrophilic material is 

poly (ethylene glycol) (PEG), which has been widely applied to implantable devices for 

protein-resistant applications [20–22]. However, PEG hydrogels are susceptible to thermal 

[23] and slow oxidative degradation in vivo [24] and have been shown to cause specific 
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antibody based immune responses [25, 26]. In addition, poly (2-hydroxyethyl methacrylate) 

(pHEMA) is another low-fouling candidate for in vitro [27–29] and in vivo applications 

[30], but pHEMA implants still generate considerable level of fibrotic encapsulation [17]. 

Therefore, a more robust and biocompatible non-fouling surface modification is necessary.

Recent studies have shown that zwitterionic materials containing phosphorylcholine (PC), 

carboxybetaine (CB) [31], and sulfobetaine (SB) [32, 33] functional groups are superior to 

conventional PEG and pHEMA coatings, due to their higher resistance to nonspecific 

protein adsorption (<0.3 ng cm−2) [34, 35]. The fouling resistance of these zwitterionic 

materials is based on their strong interactions with water, forming a hydration layer bound 

through solvation of the charged terminal groups [36]. Zwitterionic PSB grafted membranes 

exhibited significant reduction in human fibrinogen adsorption (~90%) compared to a 

control [37]. The Jiang group reported lower fibrinogen adsorption in poly(carboxybetaine 

methacrylate) (PCBMA) grafted membranes compared to a glass control [33]. They further 

showed that PCBMA hydrogels implanted subcutaneously in mice for 3 months resist 

fibrous capsule formation, demonstrating excellent in vivo antifouling performance [17]. 

Despite the progress in the development in zwitterionic surface coating, the effect of 

zwitterionic coating on neural implants is not known.

One way to graft the zwitterionic polymer on surfaces is by using a biomimetic catechol 

group which has been shown to strongly attach to most surfaces [38, 39]. Several studies 

have reported successful grafting of zwitterionic polymers via a catechol anchor group on 

silica, gold, and iron oxide substrates and have demonstrated ultralow fouling [40–42]. Here, 

we developed and compared two different coating methods to modify the silicon implant 

surface with zwitterionic polymer PSB. The first method employs PSB only and utilizes a 

catechol end group to accomplish the surface grafting. The second method involves co-

deposition of PDA and PSB, which demonstrated superior stability in vitro. Non-functional 

single shank silicon probes (NeuroNexus, MI) were coated with PDA-PSB and implanted in 

the visual cortex of C57BL/6 male mice for 1 week to examine inflammatory response to the 

implants using quantitative immunohistochemistry.

2. Materials and Methods

2.1. Preparation of zwitterionic coating

2.1.1. Materials—Copper(I) Bromide (CuBr 98%), imidazole (≥99%), bromoisobutyryl 

bromide (BIBB 98%), [2-(methacryloyloxy)ethyl]-dimethyl-(3-sulfopropyl) ammonium 

hydroxide (SBMA 97%), 2,2’-bipyridine (BPY, ≥99%), Tetrahydrofluran (THF), Tert-butyl 

chlorodimethylsilane (TBDMS, 97%), Triethylamine(TEA) were purchased from Sigma-

Aldrich. Tetrabutylammonium fluoride (TBAF), and Dopamine-HCl (99%) were purchased 

from ACROS.

2-[3, 4-Di (t-butyldimethylsilyloxy)] phenethylamine (1 in Scheme 1): As shown in the 

step 1 of Scheme 1, using a similar method reported previously [40], the catechol oxygens 

were protected by reacting dopamine-HCl with TBDMS. Compound 1 was obtained and 

purified after the reaction. In brief, Dopamine-HCl (2.72 g, 14.3 mmol) and imidazole (4.3 

g, 71 mmol) were dissolved in dry THF (50 ml) and added into a round bottom flask under 
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N2 purge. Then TBDMS (6.48 g, 43 mmol) was dissolved in dry THF and slowly added into 

the flask. The reaction was carried out at room temperature for 3 hours. After filtration of the 

precipitate, removal of solvent, final mixture was purified by silica gel chromatography with 

dichloromethane-methanol (4:1). Both 1H and 13C NMR spectra can be found in 

supplemental material (Fig. S. 1. & Fig. S. 2). 1H NMR (400Hz, CDCl3), δ [ppm]: 6.75–

6.71 (m, 3H), 3.19–3.15 (q, J=8Hz, 2H), 2.98–2.94 (q, J=8Hz, 2H), 1.26 (s, 2H), 0.98 (s, 

18H), 0.18 (s, 12H). 13C, NMR, δ [ppm]: 171.99, 147.04, 145.78, 131.67, 121.87, 121.73, 

121.30, 41.66, 33.85, 30.2, 25.90, −3.86.

2-Bromo-2-methyl-N-[2-(3, 4-di (t-butyldimethylsilyloxy)-phenyl)-ethyl] propionamide 
(2 in Scheme 1): As shown in the step 2 of Scheme 1, compound 2 was obtained by reacting 

1 with BIBB following a method previously reported [40]. In brief, compound 1 (6 g, 14.3 

mmol) was dissolved in dry THF and transferred into a flask under N2 purge. Then TEA (2.2 

ml, 15.8 mmol) was mixed with 20 ml of THF and added into the flask. The mixture was 

cooled to 0°C using an ice bath, then BIBB (3.95 g, 17.16 mmol) was mixed with 15 ml of 

THF and added into the flask. The reaction was carried out at room temperature overnight. 

After filtration of the precipitate and removal of solvent, the crude product was dissolved in 

ether, washed with NaHCO3 solution 3 times, dried with MgSO4, and passed through a silica 

gel chromatography with hexane-ethyl acetate (2:1). Pure product was collected after 

filtration and vacuum drying as white crystal. Both 1H and 13C NMR spectra of can be 

found in supplemental material (Fig. S. 3 & Fig. S. 4). 1H NMR (400Hz, CDCl3), δ [ppm]: 

6.71–6.63 (m, 3H), 3.49–3.44 (q, J=8Hz, 2H), 2.73–2.70 (t, J=8Hz, 2H), 1.90 (s, 2H), 0.98–

0.97 (d, J=4Hz, 18H), 0.19–0.18 (d, J=4Hz, 12H). 13C, NMR, δ [ppm]: 147.17, 146.25, 

129.52, 121.82, 121.74, 121.52, 63.28, 41.71, 34.77, 32.73, 25.86, −3.88.

2.1.2. Synthetize of PSB—The polymerization of SBMA is carried out using a similar 

method previously reported [40], as shown in Scheme 2. In brief, compound 2 (106 mg, 0.2 

mmol), SBMA (1.12 g, 4 mmol) were mixed in flask A, removed of O2 by filling N2. BPY 

(62.4 mg, 0.4 mmol), and CuBr (28.6 mg, 0.2 mmol) were mixed in flask B and removed of 

O2 by filling N2. Both mixtures were dissolved with a solution of water and methanol (4:1, 

v/v) separately, then mixed together, heated up to 30°, and reacted for 24 hrs with stirring. 

The product was mixed with 1 mmol TBAF in THF to completely remove TBDMS group 

before surface adhesion. The average molecular weight (MW) of PSB is measured to be 2.7 

×105 g/mol using Agilent 1000 Series with a SEC column (YMC-Pack Diol-300 S-5um, 

30mm 300×6.0 mm). The experiment was carried out in 50 mM TRIS (pH 8.0) buffer 

under1 mL/min flow rate with a 100 μl injection volume. PSB, 2 mg/mL was dissolved in 10 

mM TRIS buffer. The system was calibrated with Bio-Rad 151–1901 standard.

2.2. Characterization

2.2.1. In vitro surface coating stability assessment (thickness and contact 
angle)—Silicon wafers were used as substrates for in vitro stability tests. Before polymer 

grafting, substrates were sonicated for 5 mins in acetone, isopropanol, and Millipore water 

sequentially and dried under N2 flow. Two different polymer grafting methods were used to 

modify the substrate surface (Scheme 3). Method 1 is dip-coating using PSB only. The 

substrates were immersed in Tris buffer (10 mM) solution of PSB (2 mg/ml) for 24 hrs. 
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Method 2 combined PSB with PDA to form a co-deposition of PDA and PSB (PDA-PSB) 

polymer film. The substrates were immersed in a Tris buffer (10 mM) solution of PSBMA-

catechol (2 mg/ml) and dopamine (1 mg/ml) for 24 hrs. Post surface modification, all 

samples were rinsed with DI-water and dried under N2 flow. The thickness of the polymer 

film was measured using an ellipsometer (J. A. Woollam α-SE) and data was fitted with a 

Cauchy Model using refractive index of 1.45 and water contact angles were measured using 

AST Products VCA Optima. Then all samples were immersed in PBS solution for 4 weeks. 

At week 1, week 2, and week 4, samples were rinsed with DI-water, dried under N2 flow, 

and subjected to ellipsometry and water contact angle measurements. For ellipsometry, n=8 

before soaking and 1 week of soaking, and n=6 at 2 and 4 weeks of soaking. For measuring 

water contact angle, n=12 for PDA films, n=6 for PSB films, and n= 4 (before and 1 week 

after soaking, n=6 for 2 and 4 weeks of soaking for PDA-PSB films.

2.2.3. X-ray Photoelectron Spectroscopy (XPS) analysis—XPS measurements 

were performed using Surface Science Instruments X-Probe spectrometers to investigate the 

surface composition of the PSB and PDA-PSB films. The ESCALAB 250Xi XPS 

spectrometer microprobe (Thermo Fisher Scientific, MA, USA) with an Al Kα X-ray source 

(1486.71 eV of photons) was used. The pressure in the analysis chamber was maintained at 

about 8 × 10−7 Pa during each measurement. The survey spectra (from 0 to1400 eV) and the 

core-level spectra with higher resolution were both collected. An ion gun was used to 

compensate for surface charge effects. The software Thermo scientific™ Avantage Data 

system was used to fit the XPS spectra peaks.

2.2.4. In vitro anti-fouling performance assessment (protein adsorption and 
cell adhesion)—All samplers were rinsed with DI-water, dried under N2 flow. The 

thickness of polymer films was determined using ellipsometer, and then soaked in fibrinogen 

(1 mg/ml) PBS solution for 30 mins. Post soaking thicknesses were measured and the initial 

polymer thickness was subtracted from the measurement to get an estimate of the protein 

absorption. Bare silicon wafers were used as control group. For fibroblast attachment assay, 

all samples were sterilized under UV for 20 mins before culturing 3T3 fibroblast cells. A 

cell density of 25 k/cm2 was used to plate the fibroblasts. All samples were incubated for 24 

hrs at 37°C, then fixed with 4% paraformaldehyde, stained, and subjected to fluorescence 

imaging. The number of samples for protein adsorption test and cell attachment test was 6 

and 8 for each group, respectively. Further, to evaluate the protein adsorption behavior on the 

bare and PDA-PSB coated probes, the plasma protein IgG (2 g/ml) and albumin protein (2 

mg/mL) were used. Probes were immersed in each protein solution for 1 hour and followed 

with PBS wash. Then, the fluorescence images were taken using Leica DFC350 FX 

microscope.

2.3. Surface coating of neural electrodes with a PDA-PSB

Non-functional single shank NeuroNexus electrodes (A1X16–3MM-100–703-CM15) were 

first gently rinsed with acetone and isopropanol 3 times in sequence and air dried. Then 

probes were rinsed with PBS 3 times prior to coating process. The probes were then 

immersed in a Tris buffer (10 mM) solution of PSB (2 mg/ml) and dopamine (1 mg/ml) for 
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24 hrs. Post surface modification, probes were gently rinsed with PBS 3 times and sterilized 

with ethylene oxide before surgery.

2.4. Surgical procedure for in vivo biocompatibility in rodent brain

C57BL/6J 9–12-week-old male mice were purchased form The Jackson Lab., Bar Harbor, 

ME and were kept with a 12:12-h light: dark cycle and with ad libitum access to the food 

and water in the temperature-controlled animal facility center. All procedures followed NIH 

and federal guidelines and were approved by the University of Pittsburgh, Institutional 

Animal Care & Use Committee.

Mice were anesthetized by using an Isoflurane Vaporizer (Patterson Veterinary Inc.; 

isoflurane inflow was 2% for induction phase and maintained at 1.5% during surgery) that 

provides a mixture of isoflurane and oxygen. A warm water pad (HTP 1500, Adroit Medical 

Systems, Loudon, TN) was set to 37 °C and placed underneath the anesthetized mouse to 

maintain body temperature. The mouse was mounted to the stereotaxic frame (Kopf 

Instruments, Tujunga, CA) and the skull was exposed. The hole was drilled in the skull with 

a surgical drill (0.007 drill bit, Fine Science Tools, Inc., Foster City, CA) measuring 1 mm 

anterior to Lambda and 1.5 mm lateral to midline. Sterilized saline was applied continuously 

for cutting heat dissipation in high-speed drilling of bone. Three sterilized bone screw 

(Stainless Steel; shaft diameter: 1.17 mm, length: 4.7 mm; Fine Science Tools, Inc., Foster 

City, CA) were screwed bilaterally over the primary motor cortex and over the contralateral 

visual cortex for anchoring dental cement to bone. The coated (PDA-PSB) or non-coated 

(control) probes were implanted into the left visual cortex of mice using a stereotaxic 

vacuum manipulator until the top edge of the last electrode site was at the surface of the 

brain. Each mouse was implanted with one electrode and 4 mice were implanted for each 

condition. After filling the craniotomy with Kwik-Cast Sealant (World Precision 

Instruments, Sarasota, FL), dental cement (Pentron Clinical, Orange CA) was cured with a 

dental curing light to make a head-cap. After surgery, animals received intraperitoneal (i.p.) 

injection of 5 mg/kg ketofen (100 mg/ml, Zoetis Inc, Kalamazoo, MI) and placed on an 

electric heating blanket under a warming light to wake up. During the first three days after 

surgery, daily use of analgesic was administered.

2.5. Immunohistochemistry

After one week, mice were sacrificed and deeply anesthetized using 80–100 mg/kg 

ketamine, 5–10 mg/kg xylazine cocktail. Once mice were unresponsive to tail/toe pinches, 

animals were transcardially perfused using phosphate buffered saline (PBS) flush at <80 

mmHg followed by 4% paraformaldehyde (PFA) at <80 mmHg. Mice were decapitated and 

the skulls were partially removed to post-fix the brain in a 4% PFA at 4 °C for 4–6 h. 

Following electrode retrieval, brains were stored immediately in 4% PFA overnight and the 

day after soaked in a 15% sucrose (Sigma-Aldrich Corp., St. Louis, Missouri) bath at 4 °C 

overnight followed by a 30% sucrose solution for 24 h. Brains were then carefully frozen in 

a 2:1 20% sucrose in PBS:optimal cutting temperature compound (Tissue-Plus O.C.T. 

Compound, Fisher HealthCare, Houston, TX) blocking media blend with dry ice. Frozen 

tissue was then horizontally sectioned into 25 m thick sections along the tract of the probes 

using a cryostat (Leica CM1950, Buffalo Grove, IL).
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Cortical sections of implanted and non-implanted hemisphere were mounted on the same 

slide for comparison and histological staining for each antibody combination was performed 

at the same time to minimize variability. The inflammatory response after 1 week were 

examined using NeuN (neurons, 1:250, MAB377 Millipore), NF200 (mature axons, 1:250, 

MAB5256 Millipore), IBA-1(microglia, 1:500, NC9288364 Fisher), GFAP (astrocytes, 

1:500, Z033401 Dako), and IgG (blood-brain barrier injury, 1:16, Alexa Flour 647-

conjugated AffiniPure Fab Fragment goat anti-mouse IgG 115-607-003 Jackson 

ImmunoResearch Laboratories, Inc.). These antibodies were used to investigate the effect of 

zwitterionic coating in glial activation and probe encapsulation. Besides, biotinylated 

lycopersicon esculentum, tomato lectin (1:250, B1175 Vector Labs) was used to label blood 

vessels and microglial cells.

Tissue sections were rehydrated in 1x PBS for 2×5 min. The tissues were then incubated in 

0.01 M sodium citrate buffer for 30 min at 60 ° C. Then, a peroxidase block (PBS with 10% 

v/v methanol and 3% v/v hydrogen peroxide) was performed for 20 min at room temperature 

(RT) on a table shaker. Next, tissue section were incubated in carrier solution (1 X PBS, 5% 

normal goat serum, 0.1% Triton X-100) for 30 min at RT. Lastly, the tissue sections were 

blocked with Alexa Flour 647-conjugated AffiniPure Fab Fragment goat anti-mouse IgG 

(IgG, 1:16, 115-607-003 Jackson ImmunoResearch Laboratories, Inc.) or Fab fragment only 

(1:13, 115-007-003, JacksonImmunoResearch Laboratories, Inc.) for 2 hrs then rinsed 6 

times each 4 minutes. Following blocking, sections incubated in a primary antibody solution 

consisting of carrier solution and antibodies listed before overnight (12–18 hrs) at RT 

Sections were then washed with 1x PBS for 3X5 min and incubated in carrier solution and 

secondary antibodies (1:500, Alexa Flour 488 goat-anti mouse, Invitrogen, and 1:500 Alexa 

Flour 568 goat-anti rabbit, Invitrogen, 1:500, DyLight 649 Streptavidin, Vector Labs, 1:500 

Alexa Flour 568 goat-anti mouse, Invitrogen, 1:500 Alexa Flour 488 goat-anti rabbit, 

Invitrogen, 1:500 Alexa Flour 633 goat-anti chicken, Invitrogen) for 2 hrs at RT. Then 

sections were rinsed with PBS for 3×5 min and exposed to Hoechst (1:1000, 33342 

Invitrogen) for 10 min and washed in PBS for 3×5 min before being cover slipped with 

Fluoromount-G (Southern Biotech, Associate Birmingham, AL).

2.6. Imaging and quantitative tissue analysis

All images were acquired on Olympus Fluoview 1000 II Confocal Microscope (Olympus 

America, Center Valley, PA) at the Center for Biologic Imaging at the University of 

Pittsburgh to examine the cellular reactions associated with the implanted electrodes. For 

each antibody, images were taken using the same laser power, exposure time, and detector 

settings to decrease variability. Images were centered on the implant site and multi-channel 

images were acquired simultaneously. For GFAP, tomato lectin, Iba-1, and IgG images were 

analyzed using a pixel-based radial image intensity analysis as previously described [43, 44]. 

Sections in the range of 500 μm to 1000 μm depth from brain surface were compared with 

control (non-implanted) section. For each image, the center of insertion site was chosen and 

by using MATLAB script, masks of concentric rings every 20 μm for 240 μm was generated. 

Then, MATLAB scrip calculated and normalized the average gray scale intensity for all 

pixels above the threshold of the background noise intensity in each 20 μm bin. Finally, 

intensities were averaged for each group (control, PDA-PSB), and then bar graphs for 
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intensity-based radial analysis of fluorescent markers were plotted by mean ± standard error 

as a function of distance.

For NeuN staining, cells were manually counted in each bin and cell density (cell count per 

tissue area) was calculated. As previously, data were averaged for each group, and the bar 

graphs for density-based radial analysis of cells (the mean and standard error) were plotted 

as a function of distance to the implantation site.

2.7. Explanted probes

Additional 2 animals were implanted with 2 coated and 2 control on each side of the 

hemisphere (n=4 implants for each condition) for explant analysis. One week post implant, 

the animals were perfused, and decapitated. After post-fixing the head in 4% PFA at 4 C for 

6 hours, electrodes were carefully removed and transferred to 4%PFA for 1 hour and stored 

in PBS for immunohistochemical staining. In addition, coating integrity of the explanted 

probes was evaluated using scanning electron microscopy (SEM). Following probe 

extraction, electrodes were fixed using osmium tetroxide (1:10) in DI water solution. Then, 

probes were rinsed with DI water and dried in ethanol grading from 30% up to 100%. After 

alcohol vaporization, probes were immersed in hexamethyldisilazane (HMDS) for three 

hours. Then, air dried over night before imaging with JSM 6335F SEM (JEDOL USA Inc., 

Peabody, MA, USA). All imaging were conducted at The University of Pittsburgh’s Center 

for Biological Imaging.

2.8. Statistical analysis

Observed experimental differences were assessed for statistical significance through one-

way ANOVA (Figure 1 and Figure 2) or two-way ANOVA (Figure 3, Figure 4, Figure 5, and 

Figure 6) using SPSS. Tukey’s post hoc tests were used for all statistical analysis to compare 

marker expression between groups at different distance from the electrode tissue interface. 

p<0.05 was considered statistically significant.

3. Results

3.2. Synthesis and characterization of the surface coating with PDA-PSB coating

3.2.3. Surface properties and stability of the coating—In this work, we examined 

two different grafting methods for polymer deposition and compared the anti-fouling 

properties and the stability of the polymer films. As shown in Figure 1 A, PSB had a water 

contact angle of 23.3 ± 3.5, and PDA-PSB had a water contact angle of 28.8±3.9 slightly 

higher than PSB (p=0.008), but significantly lower than PDA (32.7 ± 1.56) (p=0.02). This 

data suggest that the PDA is more hydrophobic than PSB, and the slight increase in contact 

angle of PDA-PSB compared to the PSB group indicates that PDA is incorporated in the 

film and resulting in slightly decreased hydrophilicity. To characterize the polymer 

composition of PSB and PDA-PSB, XPS analysis was performed. For the PSB coating, C 

1s, O 1s, N 1s, S 2p, and Si2p peaks were observed at 285.43 eV, 532.23 eV, 402.69 eV, 

167.66 eV, and 99.82eV, respectively (Fig. S. 5). The elemental analysis revealed the atomic 

ratio of C1s, O1s, N1s, S2p, Si2p being 48.9072%, 22.8616%, 4.8801%, 7.4152%, 

15.9359%, respectively. The two peaks near S2p and Si2p satellite peaks and cannot be 
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assigned to any elements. For the PDA-PSB coating, C 1s, O 1s, N 1s S 2p, and Si 2p peaks 

were observed at 285.42 eV, 531.88 eV, 401.65 eV, 167.71 eV, and 98.93 eV, respectively 

(Figure 1 B), and the atomic fractions of carbon, oxygen, nitrogen, sulfur and silicon are 

25.0181%, 64.2432%, 6.0337%, 3.4664% and 1.2387%, respectively. Based on the 

elemental ratio of nitrogen to sulfur of PDA-PSB (1.74), the theoretical ratio of PDA to PSB 

in the PDAPSB coating was calculate to be approximately 1:3.

The finding showed that the thickness of the PSB polymer film significantly decreased after 

one week of soaking in PBS solution (Figure 1 C; p<0.001), and continued to decrease over 

4 weeks of study. Before soaking, PSB film thickness was 3.87 ± 0.3 nm (mean±SD), and it 

decreased to 1.67 ± 0.37 nm, 1.62 ± 0.26 nm, and 1.14 ± 0.28 nm after 1, 2, and 4 weeks of 

soaking, respectively. On the other hand, the PDA-PSB co-deposition method showed 

enhanced stability compared to PSB. PDA-PSB thickness was 3.34 ± 1.94 nm before 

soaking, 2.56 ± 0.96 nm, 3.20 ± 0.59 nm, and 2.86 ± 0.74 nm at 1, 2, and 4 weeks after 

soaking in PBS, respectively. No significant decrease in the film thickness was observed 

(p>0.05), which indicates that PDA-PSB method can deposit a more stable polymer film 

compared to PSB film.

Further, the water contact angle confirmed this observation. There was a significant increase 

in water contact angle of PSB group at week 4 compared to the previous weeks (week 1 and 

2) and before soaking (Figure 1 D), which indicated a decrease in hydrophilicity as polymer 

film worn off. The water contact angle in PSB group remained steady for week 1 (22.6 

± 2.3; mean±SD) and week 2 (23.8 ± 4.9), but increased to 32.4 ± 5.5 at week 4 of soaking 

in PBS. On the other hand, the PDA-PSB group showed stable water contact angle through 

the whole experiment time window, with 30.5 ± 3.2 (week-one), 29.3 ± 6 (week-two), and 

30.5 ± 6 (week-four) after soaking in PBS (p>0.05).

3.2.4. Protein adsorption and cell adhesion assessment—Both protein 

adsorption and cell attachment assay showed anti-fouling effects from zwitterionic polymer 

coating. A significantly decreased amount of protein absorption was observed on both PSB 

and PSB-PDA coated surface comparing to the bare Si wafer (Figure 2 A, p<0.001). The 

thickness of the adsorbed protein layer was 5.22 ± 0.42 nm (mean±SD) on bare Si wafer, 

while it was 0.03 ± 1.02 nm on PSB coated wafer and 0.53 ± 0.93 nm on PDA-PSB coated 

wafers. No significant difference in protein adsorption was observed between PSB and PSB-

PDA coated substrate (p>0.05). Furthermore, we performed the cell attachment test in vitro 
using 3TS fibroblast cells. As shown in Figure 2 (B and C), we observed less cell attachment 

in both PSB and PDA-PSB coated wafers compared to the bare wafer. Also, a quantitative 

analysis showed a significantly decreased amount of cell attachment on both PSB and PSB-

PDA coated substrate compared to the bare substrate (Figure 2 B). The cell density on Si 

wafer was approximately 260 ± 83/mm2 (mean±SD). However, cell numbers decreased to 

39 ± 12/mm2 on PSB coated wafers and to 37 ± 26/mm2 on PDA-PSB coated surfaces. 

Moreover, fluorescent tagged proteins, albumin and IgG, were used to evaluate the anti-

protein fouling property of the bare and PDA-PSB coated probes. Albumin is one of the 

most abundant plasma protein in the blood (3.5–5 g/dl) and it is known to cause 

neurotoxicity/inflammation [45]. IgG (plasma concentration 0.7–1.6g/dl) has been found at 

the vicinity of the neural implant in immunohistochemical studies and has been used as 
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marker for BBB leakage [46]. As shown in the supplementary data, the amounts of IgG (Fig. 

S. 6) and albumin (Fig. S. 7) adsorbed on PDA-PSB coated probe were less than those on 

the uncoated implants based on the fluorescence intensity. Furthermore, the uniform 

reduction of fluorescence throughout the probe length demonstrates that the PDA-PSB 

coating was uniformly adherent on the probe surface and effectively resisted protein fouling 

along the entire shank.

3.2.5. In vivo tissue response evaluation—To evaluate the biocompatibility of the 

PDA-PSB coating after implantation, two groups of implants with and without PDA-PSB 

coating were implanted into the mice cortex for 1 week and the tissue responses to the 

implants were assessed through the expression level of GFAP, Iba-1, lectin, IgG, and NF200.

3.2.5.1. Neuronal density and health around the implants: NF200 and NeuN are 

markers for axons and neuronal cell bodies respectively. The distribution of NF200 as a 

function of distance for PDA-PSB coated probes presented a similar pattern to the uncoated 

probes (Figure 3 A and B). The quantified intensity of NF200 as a function of distance to the 

electrode-tissue interface between the uncoated and PDA-PSB coated was not statistically 

different (Figure 3 C). Similar to NF200, the distribution of neuronal cells around the 

device-brain interface was similar in both groups (Figure 3 D and E) and the quantification 

of neuronal cell density over different distances showed no statistically significant difference 

for all the bins examined between the coated and uncoated implants (Figure 3 F).

3.2.5.2. Microglia/macrophages reaction in the vicinity of the implants: To evaluate the 

distribution of microglia or macrophages along with blood vessels, we stained tissues with 

ionized calcium binding adaptor molecule (Iba-1) and tomato lectin respectively. Lower 

amount of Iba-1 expression around the coated implants compared to the control was 

observed (Figure 4 A and B). This presented 48% reduction (p=0.025) in the Iba-1 intensity 

than the uncoated group within 10 μm of the implant (Figure 4 C). Moreover, while the 

distribution pattern of blood vessels around the implants was the same in both groups 

(Figure 4 D and E), a significantly lower amount of lectin expression within 30 μm of 

electrode-tissue interface was observed in the coated implant (Figure 4 F). PDA-PSB coating 

yielded a 35% reduction in lectin stain intensity (p=0.03) compared to the uncoated group 

(Figure 4 F). Additionally explanted probes were stained for Iba-1 and Hoechst (Fig. S. 8). 

The PDA-PSB coated probed showed less attachment of microglia compared to the control 

probes.

3.2.5.3. Astrogliosis: GFAP antibody was used to examine reactive astrocytes around the 

implantation site. Fewer activated astrocytes were observed around PDA-PSB coated 

electrode compared to control (Figure 5, A and B). Quantitative analysis of histological data 

revealed that the intensity of GFAP in the coated group yielded 41% (0–10 μm; p=0.001), 

35% (10–30 μm; p=0.005), 30% (30–50 μm; p=0.025), and 32% (50–70 μm; p=0.011) 

reduction compared to the uncoated group after one week of implantation (Figure 5 C).

3.2.5.4. Blood-brain barrier leakage: We investigated the distribution of IgG around the 

coated electrode compare to the uncoated group. The IgG intensity in the coated implant was 

lower which correlates with less glial activation around the electrode-tissue interface (Figure 
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6 A and B). Quantitatively, the intensity of IgG was almost 34% (p=0.01) lower than the 

control group within 90 μm of the implantation site (Figure 6 C).

4. Discussion

In order to maintain an effective neural interface, it is necessary to minimize the undesired 

host tissue responses to implanted electrodes [47]. The initial tissue insult caused by 

electrode insertion initiates the acute inflammation by releasing of host serum proteins and 

activation of nearby microglia cells (~130 μm), which later can encapsulate the implant [4]. 

Moreover, it has been speculated that the non-specifically adsorbed protein layer on the 

implant surface is responsible for mediating the inflammatory cell-device interaction, which 

may trigger a cascade of inflammatory activation and consequently harm the performance of 

neural implants [4, 48]. Zwitterionic polymers exhibit high resistance to the nonspecific 

protein adsorption and reduce inflammatory tissue response to subcutaneous implants [17, 

35]. Here, the main objective of this research was to develop a stable zwitterionic polymer 

coating for brain implants and to evaluate inflammatory brain tissue responses to the 

Zwitterionic coated implants.

4.2. Stability of the coating

The stability of the polymer film is crucial in achieving an ultra-low fouling performance in 

the complex biological environment [29]. While the catechol-grafted PSB showed excellent 

hydrophilicity and antifouling properties initially, the coating thickness decreased over 4 

weeks of soaking. Since the polymer backbone is polymethacrylate, which is stable in 

physiological condition, the thickness reduction is most likely due to polymer falling off the 

surface. It is known that catechol functional groups can be oxidized to o-quinone form. The 

loss of catechol groups results in detachment between the PSB polymer and the substrates, 

with the hydrophilic polymer dissolving into the aqueous medium [49, 50].

To improve the coating stability, we developed a novel method by co-depositing PDA with 

PSB. In vitro studies showed that the polymer film (PDA-PSB) was stable over the course of 

a one-month period, with no significant changes in film thickness (Figure 1 C) or surface 

wettability (Figure 1 D) observed. PDA is known to adhere strongly to many substrates via 

the multiple catechol groups [51, 52]. The stability and mechanical robustness of PDA 

coating under physiological condition has been shown in many biomedical applications [51]. 

The chemical structure of PDA incorporates different functional groups like amine, catechol, 

and imine [39], which are amendable to covalent modification [53, 54]. Previously, 

zwitterionic polymers have been co-deposited with PDA to improve the antifouling 

properties of the PDA [55–57]. In these studies, zwitterionic polymers were pre-formed and 

non-covalently incorporated in PDA as dopamine polymerizes, and PDA provides the 

adhesion to substrates. Xu’s group reported a stable PDA/PSBMA-coated propylene 

microfiltration membrane (PPMM) under harsh conditions, in which dopamine had directly 

served as both the initiator for PSBMA polymerization and the surface anchoring motif [58]. 

As a result, PSBMA is covalently incorporated in PDA polymer backbone. In our case, PDA 

is co-deposited with a catechol bearing PSB. The catechol bearing PSB polymer is capable 

of directly adhering to any surface via its own catechol group, but can also be physically 
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entrapped in or chemically linked to the PDA (catechol of PSB participating in the dopamine 

polymerization) [59]. All these mechanisms could further promote coating adhesion and 

stability. The result in Figure 2 clearly confirms that this novel PDA-PSB co-deposition 

method can produce a more stable coating than PSB alone while maintaining a hydrophilic 

nature.

While the PDA-PSB coating is shown to be stable in vitro for 4 weeks, it is difficult to 

predict its lifetime in vivo. In vivo factors including oxidative stress in the host tissue may 

accelerate the polymer degradation in general [60]. Specifically, peroxidase-positive 

astrocytes have been shown to oxidize catechol groups, which could lead to PSB-PDA 

delamination [61]. Attempt to examine coating integrity was made via SEM imaging of the 

explanted probes after 1 week of implantation (Fig. S. 9), but it is extremely difficult to 

discern nm-thick organic polymer coatings from the biological materials adsorbed on the 

surface. The lower cell attachment on the PDA-PSB coated probes after 1 week may be an 

indirect evidence that the coating remained intact for at least 1 week (Fig. S. 8). Although 

longer term in vivo result is not available yet, it is possible that the antifouling coating is 

most valuable at the early stage of implantation when plasma protein adsorption and 

inflammatory cell attachments dominate the acute inflammatory response, and reduction of 

the early response may lead to better integration and reduced chronic response [4, 8, 62].

4.3. Anti-fouling property

To assess the anti-fouling properties of these coatings, surfaces were exposed to fibrinogen 

solution and fibroblast cells, respectively. There was no significant difference in protein 

adsorption between PSB and PDA-PSB group, while the bare Si wafer showed significantly 

higher protein adsorption than PSB and PDA-PSB group (p<0.001) (Figure 2 A). Also noted 

that the slightly decreased hydrophilicity of PDAPSB film resulting from incorporation of 

PDA doesn’t affect the antifouling property of the PDA-PSB polymer film. In addition, the 

3T3 fibroblast cell attachment results are consistent with protein absorption test (Figure 2 B 

and C). Similar performance of PSB and PDA-PSB coating were expected. Based on all in 
vitro test results, PDA-PSB showed similar anti-fouling performance to PSB but higher 

stability. Therefore, the PDA-PSB co-deposition method was utilized to coat electrodes 

tested in the in vivo experiments.

4.4. The effect of anti-fouling coating on brain tissue response

To maintain a stable electrode-tissue interface, the structure and surface properties of the 

implanted electrode must be considered [63]. Tearing of blood vessels generated by the 

electrode insertion causes the recruitment of macrophages derived from the bloodstream 

along with activated microglia to the implantation site and induces gliosis [4]. In the early 

stage of this process, the hydrophobic implant surface adsorbs serum proteins which may 

mediate the attachment and localization of inflammatory cell and consequently initiate the 

cascade of inflammatory responses. Additionally, many of the plasma proteins themselves 

such as fibrinogen, albumin, thrombin, and complement proteins are pro-inflammatory 

and/or neurotoxic, and can directly trigger inflammation [4]. Therefore, inhibiting protein 

adsorption may be useful in improving electrode biocompatibility by reducing microglial/

monocyte attachment and activation upon implantation [64]. Zwitterionic coatings have been 
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shown to be effective in reducing inflammatory fibrosis in subcutaneous implants, but to our 

knowledge, they haven’t been tested on brain implants. In this paper, we characterized the 

cellular reactions to the PDA-PSB coated intracortical electrodes in comparison to uncoated 

controls after one week post-implantation in mice brain.

In our study, microglia/macrophage activity (Iba1, and lectin) was lower in the region 

immediately around the implanted PDA-PSB electrode compared to the control (Figure 4), 

which correlates well with the antifouling properties observed in vitro. Explant analysis 

showed less microglia attachment on the PDA-PSB probe’s surface than the uncoated 

control (Fig. S. 8). This result suggests that PDA-PSB coating might suppress the 

recruitment and activation of microglia/macrophage by resisting nonspecific protein 

adsorption and cell attachment. Astroglial encapsulation occurs after the microglia 

activation, which is associated with a sheath consisting of activated microglia and reactive 

astrocytes and reduced neuronal cell density [4]. The PDA-PSB implants demonstrated 

reduced astrogliosis at the device-tissue interface compared to the uncoated control group 

(Figure 5). This effect may provide a means of improving the recorded signal quality from 

neural implants, because glial sheath effectively isolates the electrodes from the brain. [65] 

This isolation causes the degradation of signal quality that can be explained either due to 

increasing the distance between recording site and neuron [66] or increase in impedance 

[65].

The relationship between microglia and neurodegeneration has been studied in the 

neurodegenerative disease [67]. Similarly, at the electrode-neural tissue interface, an inverse 

relationship between microglia activation and neuronal cell density has been reported [13]. 

In this study, we investigated the axonal degeneration (NF200) along with neuronal viability 

(NeuN). Despite less microglia intensity around the PDA-PSB coated implants, no 

differences were observed between conditions for NF200 and NeuN (Figure 3). This data 

suggest that the initial insertion injury is the primary cause of neuronal loss at this acute 

stage, which should be similar in both conditions. The one-week time course is not long 

enough to reveal neuronal loss due to chronic inflammation around the implants. Further 

chronic time point studies are needed to determine the functional consequences of PDA-PSB 

coating on the neurodegenerative features next to the implants.

Additionally, the interactions between the microglia and the vascular system in the brain 

disease have been studied [68–70]. It has been shown that the activated microglia modulate 

the BBB integrity and function. Moreover, the vascular damage aggravates the sustained 

activation of microglia around the implantation site [70]. Although no differences were 

observed among groups for neuronal viability, significantly lower BBB leakage (IgG) was 

observed around the electrode in PDA-PSB coated electrodes compared to the uncoated 

ones, which is correlated to the microglia activation. This is an important outcome because 

there is a correlation between electrode functionality and BBB leakage [71] and the PDA-

PSB coating may improve recording performance by reducing BBB leakage.

Different surface coating strategies for neural implants have been investigated, including 

electrochemical deposition of conducting polymers [72], covalent immobilization of 

bioactive molecules such as cell adhesion proteins and growth factors [62, 73–75], and 
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incorporation of anti-inflammatory factors [76–79]. Some of these studies demonstrated the 

potential in modulating the inflammatory neural tissue response at the implantation site (as 

reviewed in [80]). However, many of the strategies explored to date have limitations. The 

conducting polymer coatings are limited to the tiny electrode site regions and are not 

sufficient to defeat the foreign body response to the entire implants. The drawbacks of 

protein or peptide coatings may be associated with their short half-life, being prone to 

enzymatic degradation [81] and the risk of immunogenicity [82, 83]. Additionally, drug-

eluting coatings face the challenge of drug exhaustion after chronic implantation [80, 84]. 

Hydrophilic coatings that may prevent fouling have been explored as an alternative strategy 

(reviewed [85]), with limited success. In one study, the impact of reducing cell adhesion on 

the neuro-inflammatory tissue responses to electrodes was examined [64]. Parylene-C-

coated glass coverslips presented significantly less activated microglial cell attachment 

compared to uncoated substrates in vitro, but no significant differences in inflammatory 

tissue responses or the density of viable neurons was observed in vivo [86]. Further, the 

conformal microgel coatings of poly(N-isopropylacrylamide) (pNIPAM) and acrylic acid 

(AAc) (pNIPAm-co-AAc) cross-linked with poly(ethylene glycol) (PEG) on the silicon 

neural electrodes was reported [87]. Although, in vitro analyses demonstrated significantly 

decreased adhesion of microglia and astrocytes in coated group compared to the uncoated 

control [87], the coating did not decrease the inflammatory brain tissue response at 1, 2, and 

24 weeks of implant. In another study, a 4000 MW PEG coating, which showed excellent 

antifouling properties in vitro [88], did not improve the foreign body responses to neural 

implants [89]. On the contrary, we observed significant reductions in glial scar formation 

and BBB breach by our coating. These findings suggest that PSB-PDA coating effectively 

reduced acute inflammatory cell recruitment and activation at the interface. The difference in 

the results might be due to the oxidative degradation of PEG after implantation [90], 

superior hydrophilicity of the zwitterionc polymer coating [91], or the immunogenicity of 

PEG [92, 93]. Additionally, our coating is less than 3 nm thick which adds minimum change 

to the footprint of the device, while thicker coatings could increase the insertion damage and 

push the neurons away [94].

Our anti-fouling coating approach is limited to passively inhibiting all non-specific protein 

adsorption and cell adhesion. On the other hand, many bioactive coating strategies use 

bioactive molecules to promote or control a specific cellular reaction. For example, 

immobilizing extracellular matrix (ECM) proteins like laminin [73] and laminin-derived 

peptides [95, 96], or neuronal cell adhesion molecules such as L1 [62] and N-cadherin 

(NCad) [97] have been pursued to encourage neuronal or neurite attachment and growth on 

and around the neural electrodes. Alternatively, biomolecules that inhibit inflammatory cell 

activation such as dexamethasone [98–100], alpha-MSH [77, 101], or CD47 [102], and 

CD200 [103] have also been used to actively modulate inflammation. Covalently binding the 

L1 protein to the silicon probe surface not only promoted neuron attachment on the probe, 

but also inhibited microglia and astrocyte activation, and promoted neuronal survival and 

axonal density up to 8 weeks [62, 74]. Although these studies showed great promises in 

improving neural electrode biocompatibility, the stability and immunogenicity of 

biomolecules are still of practical concerns [82, 83], while the interactions between 

biomolecules with the various non-target proteins and cells in vivo are yet to be investigated. 
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Additionally, biomolecule modification may render the surface more hydrophobic and 

results in higher amount of plasma protein adsorption and bacterial colonization. The best 

approach may be to have mosaics of biomolecules distributed at the optimum ratio on the 

super-hydrophilic background, so that non-specific protein and cell adhesion is inhibited, 

while specific cell interaction is achieved via the biomolecule domains. Such combinatorial 

approaches have been proposed previously, for example, the combination of PEG with a 

arginine-glycine-aspartic (RGD) sequence promotes fibroblast adhesion, while maintained 

the antifouling characteristics of the coating [104]. Also, PEG was used as a platform for the 

immobilization of antimicrobial peptide which reduced the bacterial adhesion along with 

killing the adhered bacteria to the surface [105]. Similar strategies may be used to 

incorporate biomolecules to the zwitterionic polymer coating to actively tune the host tissue 

reaction.

As discussed earlier, this study was limited to one week in vivo evaluation using non-

functional electrode devices to mimic the implants. The result that the coating reduced the 

initial inflammatory host tissue response is significant in two ways. First, reducing the acute 

phase of inflammation in implantable biosensors intended for short term applications can 

improve the signal quality [106]. Secondly, studies have pointed out that controlling the 

initial inflammatory responses may reduce the chronic foreign body responses [4, 8, 107]. 

Future studies are necessary to evaluate the PDA-PSB coating for maintaining the implant 

functionality in the chronic time points. Moreover, since other types of cells such as 

oligodendrocytes, pericytes, and other infiltrating inflammatory cells are involved in the 

foreign body response [8, 43, 108], it is necessary to investigate the PDA-PSB coating 

interaction with other cells. Combining real-time imaging of the interface [7, 74] with long-

term neural recording [44] may help to illustrate the dynamics of the coating mechanism. 

Besides surface chemistry, there are other triggers of undesired tissue responses, such as 

mechanical mismatch [109–111], device tethering [112–114], and device dimensions and 

architecture [113, 115, 116]. While the zwitterionic coating improved the acute 

inflammatory response, by itself, it may not be sufficient to overcome the issues mentioned 

above. As more advanced soft, flexible, small footprint and wireless devices are being 

developed to improve device-tissue integration, the anti-fouling coating can be applied on 

these new devices to further improve their performance.

Conclusions

In summary, we report the development of PDA-PSB co-deposition method to coat electrode 

surface for neural implant applications. Results demonstrated a stable and potent anti-

fouling performance with the coating in vitro. In vivo evaluation revealed a significant 

reduction in inflammatory cell recruitment and activation, glial scar formation, and BBB 

breach in coated implants compared to the controls after one week, while the neuronal 

distribution is not affected. This finding supports future investigation aimed at using PDA-

PSB coatings to enhance the duration of neural electrode functionality.
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Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. 
Reaction steps to synthesis the catechol initiator with hydroxyl protection.
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Scheme 2. 
Reaction steps for grafting PSB through catechol initiator via ATRP, and de-protection of 

hydroxyl group before surface adhesion.
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Scheme 3. 
Schematic demonstration of PDA-PSB co-deposition surface coating method.
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Figure 1. 
Surface characterization of the coating. (A) Water contact angle of PDA, PSB, and PDA-

PSD polymer film before soaking in PBS. (B) XPS spectra of PDA-PSB film coated on a Si 

wafer. Each peak is labeled with corresponding elements. (C) Polymer film thickness 

changes of PSB and PDA-PSB before and after soaking in PSB up to 4 weeks. N=8 before 

soaking and 1 w and N=6 at 2 w and 4 w in both PSB and PDA-PSB groups. (D) Polymer 

film water contact angle changes of PSB and PDA-PSB before and after soaking in PBS up 

to 4 weeks. Before soaking and 1 w N= 6 PSB, and N=4 PDA-PSB; at 2 w and 4 w N=6 for 

PSB and PDA-PSB groups. Data showed as mean ±SE; * indicates p<0.05. The relatively 

smaller portion of PDA incorporation significantly enhanced the polymer stability for at 

least 4 weeks in vitro.
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Figure 2. 
PSB coating resists protein adsorption and cell adhesion (A) Protein adsorption comparison 

between bare, PSB, and PDA-PSB coated wafer. (B and C) 3T3 fibroblast cell attachment 

assay results for bare, PSB coated, and PDA-PSB coated wafer. Cyan (nuclei). For section 

A, N= 4 and for section B, N=8 for Bare, PSB and PDA-PSB groups. Data showed as mean 

±SE; * indicates p<0.05.
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Figure 3. 
Representative immunofluorescence images of NF200 (red, neurofilament; A and B) and 

NeuN (green, neuronal cell, D and E) around single shank electrode in control (A and D) 

and PDA-PSB (B and E) groups. Inset showing higher magnification images. All scale bars 

are 100 μm. (C) is the normalized intensity values for NF200 expression (histological 

samples, for control N=4. animal, N=8 sample; PDAPSB N=4 animal, N=8 sample). (F) 

Cell density counts per mm2 of neuronal cells at 1 week post-implant are presented 

(histological samples, for control N=4. animal, N=5 sample; PDA-PSB N=4 animal, N=9 

sample). Results were binned 10 μm from the electrode-tissue interface until 240 μm away, 

with 20 μm bin size. Data showed as mean ±SE. * indicates p<0.05.
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Figure 4. 
Representative image of Iba-1 and Lectin staining for reactive microglia and vascular 

endothelium 1 week post-implantation in uncoated (A and D) and PDA-PSB coated (B and 

E) probes. Scale bar=100 μm. (C and F) are the normalized intensity value for Iba-1 

expression (histological samples, for control N=4. animal, N=8 sample; PDA-PSB N=4 

animal, N=8 sample), and lectin (histological samples, for control N=4 animal, N=18 

sample; PDA-PSB N=4 animal, N=18 sample) as a function of distance from implant 1 

week after implantation. Intensities were calculated 10 μm from the implant site until 240 

μm away, with 20 μm bin size. Data presented as mean ±SE; * indicates p<0.05.
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Figure 5. 
Representative images of GFAP staining for reactive astrocytes 1 week post-implantation in 

uncoated (A) and PDA-PSB (B) coated probes. Scale bar=100 μm. (C) GFAP fluorescent 

intensity profiles as a function of distance from implant 1 week after implantation 

(histological samples, for control N=4 animal, N=18 sample; PDA-PSB N=4 animal, N=18 

sample). Intensities were calculated 10 μm from the implant site until 240 μm away, with 20 

μm bin size. Data presented as mean ±SE; * indicates p<0.05.
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Figure 6. 
Immunohistochemical IgG staining (marker of BBB leakage; A and B) around single shank 

electrode in control (A) and PDA-PSB (B) groups. Scale bar in A and B is 100 μm. (C) is 

the normalized intensity values for IgG expression (histological samples, for control N=4. 

animal, N=8 sample; PDA-PSB N=4 animal, N=8 sample. Results were binned 10 μm from 

the electrode-tissue interface until 240 μm away, with 20 μm bin size. Data showed as mean 

±SE; * indicates p<0.05.
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