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nanotubes on the chronic neural microelectrode to improve 
the neuronal spike recordings of metal electrode sites. [ 7,12 ]  
In addition, they further demonstrated that the release of an 
anti-infl ammatory drug (dexamethasone) can be precisely con-
trolled from the CP nanotubes by external electrical stimula-
tion. [ 13 ]  However, it is more important to design biocompatible 
coatings for the implanted devices to mimic mechanical and 
structural properties of brain tissues in order to reduce inevi-
table tissue responses for long-term utilization. Therefore, 3D 
nanostructural coatings should be developed for the insulated 
regions, rather than the electrode sites of neural implants, so 
that the whole implant body can more stably interface with 
the nearby brain tissues. [ 3,14 ]  Although the nanomaterial-based 
substrate coatings incorporated into drug delivery systems 
such as poly(lactic-co-glycolic acid) (PLGA) nanoparticles, [ 15 ]  
pHEMA, [ 16 ]  or PLGA nanoparticles-embedded matrix have been 
developed, these systems lack stable physical and chemical 
properties for reducing tissue responses, including an appro-
priate nanostructural interface, mechanical properties, and 
biofouling ability. [ 2,17,27 ]  Multifunctional drug-embedded coat-
ings must be developed and integrated into the nanostructural 
neural interfaces to allow sustained release of bioactive mol-
ecules (anti-infl ammatory drugs) and simultaneous construc-
tion of a brain tissue-mimic but bioinert microenvironment 
for reducing both acute and chronic infl ammation reactions 
during long-term implantation. [ 3,7,14 ]  In this work, we aimed to 
develop a neuronal interface with the following functional capa-
bilities: (1) structural and mechanical properties mimicking 
brain tissue, (2) sustained nonfouling property to inhibit tissue 
encapsulation, and (3) prolonged anti-infl ammatory ability to 
reduce tissue responses. With the integration of nanomanufac-
turing technology and multifunctional nanomaterials into the 
neural implants, we can extensively reduce the reactive tissue 
responses, provide continuous protection of surviving neurons, 
and ensure long-term performance reliability of implants. 

 Therefore, we proposed the novel combination of antioxida-
tive zwitterionic nanocarriers and nanomanufacturing tech-
nology to develop a new 3D nanocarrier-based neural inter-
face that support long-term neural implantation and achieve 
better therapy for chronic diseases. The schematic diagram in 
 Figure    1  a demonstrates our experimental procedure. A new 
type of anti-infl ammatory nanogel was developed based on the 
amphiphilic polydimethylsiloxane-modifi ed N, O-carboxylic 
chitosan (PMSC) incorporated with oligo-proanthocyanidin 
(OPC) (named OPMSC) (Note 1, Supporting Information). The 
natural OPC can be used as an anti-infl ammatory drug due to 

  Over the past two decades, prosthetic devices have been suc-
cessfully applied to treat neurodegenerative disease. [ 1 ]  However, 
the long-term utilization is limited by adverse biological reac-
tions in host tissues, resulting in signal failure of the implanted 
devices. [ 2 ]  The ability to mimic tissue with the mechanical and 
structural properties of neural implanted devices is critical 
for reducing the inevitable tissue responses. [ 3–5 ]  Although the 
development of fl exible polymer-based implants with polyimide 
and Parylene C has signifi cantly alleviated initial mechan-
ical injury, the mechanical stress (≈1 GPa) is still quite mis-
matched to brain tissue properties (≈100 kPa). [ 6 ]  Given this 
challenge, numerous studies have utilized various conductive 
polymer (CP) composites or conductive hydrogels, including 
CP-alginate, [ 7 ]  PEDOT (poly(3,4-ethylenedioxythiophene))-PAA 
(polyacrylic acid), [ 8 ]  CP-pHEMA (poly(2-hydroxyethyl meth-
acrylate)), [ 9 ]  and (PEDOT)/poly(vinyl alcohol)-heparin, [ 10 ]  as 
the coating to improve the electrochemical performance and 
biocompatibility of neural electrodes. [ 10,11 ]  For example, Poole-
Warren and co-workers explored the incorporation of multiple 
functional biological molecules such as sericin and gelatin 
into conductive hydrogels to promote neural cell adhesion and 
proliferation. [ 10,11 ]  Martin and Abidian reported the use of CP 
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its multipotent therapeutic effects on neurodegenerative dis-
eases. [ 18 ]  Furthermore, given the abundance of hydroxyl groups 
and the aromatic architecture, the semi-hydrophilic OPC can 
act as a structural stabilizer to help the self-adhesion of nano-
gels, making the structure evolve into a biostable 3D anti-
infl ammatory neural interface. [ 19–21 ]  As shown in Figure  1 b, 
PMSC self assembled into spherical network nanostructures 
about 150–200 nm in size, where the inner intertextures 

composed of hydrophobic and hydrophilic nanodomains dem-
onstrated both biomimic structures and large surface areas. [ 22 ]  
The exposure of hydrophilic functional groups (carboxylic 
groups and amino groups) resulted in hydrogen bonding, 
which enabled slight adhesion between the freestanding nano-
gels. As the OPMSC incorporated 20% OPC, it also displayed a 
spherical network structure, but the size was larger than that of 
the PMSC (Figure  1 c). More importantly, the enhancement of 
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 Figure 1.    a) Schematic illustration of the mechanism for formation of nanogel-based membrane based on the self-assembly of OPC-incorporated 
amphiphilic polydimethylsiloxane-modifi ed N, O-carboxylic chitosan (OPMSC), followed by hydrogel-bonding interaction of OPC. The TEM images 
display the network structure of b) PMSC and c) OPMSC spherical nanogels. d) Using aerosol jet printing, the OPMSC suspensions were directly pat-
terned on a neural probe to create an anti-infl ammatory neural interface. The top and cross-section views of SEM images in e) provide evidence that 
the OPMSC nanogels can self-assemble together into a membrane structure following aerosol jet printing. f) Topographical view obtained by AFM 
analysis shows the nanoscaled roughness of the OPMSC hydrogel. 



4188 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TI

O
N

hydration interactions provided by OPC helped to connect the 
nanogels more closely.  

 Next, we directly fabricated OPMSC nanogels onto a mem-
brane by aerosol jet printing technology because it is a low-tem-
perature and noncontact process that allows direct printing of 
the OPC-incorporated PMSC nanogels onto the functional 3D 
interface of the microscaled patterned polyimide-based neural 
probe without any thermal or acidic damage to the anti-oxidant 
activity of OPC (in Figure  1 d). [ 23 ]  The process involved atom-
izing the OPMSC nanogels into a mist, and then focusing 
them out of the jet head by gas fl ow. The operating parame-
ters, i.e., focusing ratio (FR), which is the gas fl ow rate, offer 
an additive driving force to help pile up the OPMSC nanogels 
more densely and tightly (Note 2, Supporting Information). As 
illustrated in Figure S1 of the Supporting Information, when 
FR was less than 4, the printed feature displayed freestanding 
spherical nanogels in morphology. However, when FR was 
increased up to 4, the nanogels tended to adhere to each other 
because more water molecules were carried along with the 
OPMSC to provide the hydration ability. When FR was larger 
than 5, the printed OPMSC could be directly constructed to 

form a 3D nanocarrier-based membrane (Figure  1 e). Further 
confi rmed by Fourier Transform Infrared Spectroscopy (FTIR) 
analysis in Supporting Information, Figure S2 of Note 3, the 
architecture was indeed constructed by the hydrogen-bonding 
interaction between OH groups of OPC and NH 2  groups of 
PMSC, as indicated in the broad band for O H stretching at 
3400 nm −1 , the shift for the amide bending at 1550 nm −1 , as 
well as the broad band for the out-of-plane N H wagging of 
amide at 650 nm −1 . Atomic Force Microscopy (AFM) analysis in 
Figure  1 f shows that the OPMSC surface has topography with a 
nanoscaled roughness in the range of 4–10 nm, which provides 
more stable contact with the brain tissues. [ 24 ]  

 As we know, the mechanical properties are the primary con-
cern in the development of neural implants. [ 3 ]  Thus, the ten-
sile test was performed to obtain the stress–strain curves of 
OPMSC gel membrane with different ratios of OPC incorpora-
tion. As illustrated in  Figure    2  a, all the curves correlate with 
the rubber elasticity theory, demonstrating Gaussion extending 
behaviors. [ 25 ]  We found that the OPC incorporation led to an 
increase in modulus E (15.9 kPa), tensile strength  σ  (6.76 kPa), 
and tensile strain  ε  (42.45%) up to 40–50 times due to the 
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 Figure 2.    a) The mechanical properties of OPMSC hydrogel incorporating 0%, 1%, 5%, 10%, and 20% OPC obtained by strain–stress measurement 
to demonstrate the rubber elasticity. b) Representative fl uorescence microscopy images (10× magnifi cation) demonstrated that the CTXT-NA2 cells 
preferred attaching to the fl at dish rather than PMSC and OPMSC (scale bar equals 100 µm). c) Relative cell adhesion ratios of the OPMSC membranes 
incorporated with different OPC ratios. Data are expressed as means ± S.D. d) The retaining weight of OPMSC with 0%, 1%, 5%, 10%, and 20% OPC 
incorporation after six-month in vitro enzymatic degradation. e) Cell viability of PC12 cells after one-day, two-day, and three-day incubation with the 
OPMSC suspensions. The OPMSC with 10 and 20 wt% OPC shows the enhancement on cell proliferation. f) The ROS production by PC12 cells after 
24 h incubation with the OPMSC suspensions. The lower fl uorescent intensity of OPMSC demonstrates the inhibitory effect of OPC on the generation 
of intracellular ROS, which decreased with more OPC incorporation ( *  P  < 0.05 when compared with control).
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strong hydrogen-bonding interaction between OPC and PMSC. 
The Scanning Electron Microscope (SEM) images in Figure S3 
of the Supporting Information demonstrate that the OPC incor-
poration resulted in an increased crosslink density and made 
the porous structure denser compared to PMSC gel membrane 
(very soft and ductile), which provides strong evidence that the 
incorporated OPC not only strengthened the structure of the 
PMSC, but also increased the elastic modulus to hundreds of 
kPa, which was well matched to the properties of brain tissue.  

 To reduce nonspecifi c bio-interactions and prevent sub-
sequent infl ammatory responses including leukocyte activa-
tion, tissue fi brosis, thrombosis coagulation, and additional 
infection, [ 26 ]  we further measured the cell-substrate interac-
tions using OPMSC gel membrane with different OPC con-
centrations to investigate the adhesion ability of glia cells, i.e., 
astrocytes, for 24 h. In our system, PMSCs with both carboxyl 
groups and amino groups demonstrated zwitterionic properties 
to allow a higher hydration ability, which can produce better 
antifouling property. [ 27 ]  As shown in the fl uorescent images in 
Figure  2 b, both PMSC and OPMSC membranes imparted the 
anti-adhesion ability to cells. Moreover, a linear relationship 
was found between the equilibrium water content (EWC) and 
OPC incorporation ratio (Figure S4, Supporting Information). 
The accession of OPC may deplete these ionized groups and in 
turn reduce the hydrophilicity, but the OPMSC with 20% OPC 
incorporation still displayed a much lower cell adhesion ratio 
(9.2%), [ 28 ]  indicating that the OPMSC possessed a high antibi-
ofouling ability to inhibit the adhesion of glial cells. 

 To use the neural probe for chronic brain implantation, the 
biostability of the neural interface including the long-term anti-
biodegradation and noncytotoxicity must be further evaluated. 
In Figure  2 d, the in vitro biodegradation test showed that the 
PMSC gel membrane was completely hydrolyzed after six-day 
digestion, while OPMSC with 5%, 10%, and 20% OPC could 
maintain an intact structure with a retaining weight ratio of 
14.5%, 55.4%, and 76.3%, respectively, until six months because 
OPC acts as a natural structure stabilizer of the OPMSC mem-
brane. [ 19 ]  To investigate the cytotoxicity of the degraded OPMSC 
debris, we explored cell viability by 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) cell viability assay. After 
three-day incubation, PC12 cells in the medium supplemented 
with PMSC exhibited similar staining intensity compared to 
that of the control group, indicating no toxicity (Figure  2 e). 
Comparably, OPMSC promoted cell proliferation, especially 
when the incorporated OPC concentration reached 10 and 
20 wt%. To further elucidate the effect of OPMSC on cell pro-
liferation, we measured the intracellular reactive oxygen spe-
cies (ROS) levels by taking advantage of 2', 7'-Dichlorodihydro-
fl uorescein diacetate (DCF-DA) , which can permeate the cell 
membrane and form fl uorescent products after interacting with 
peroxides generated by cells. [ 29 ]  As shown in Figure  2 f, OPMSC 
incorporated with more OPC resulted in reduced generation of 
intracellular ROS. The results demonstrated that the anti-oxida-
tive polyphenols enabled suppression of the intercellular ROS, 
in turn enhancing the cell physiology. [ 21,29 ]  Therefore, OPMSC 
again displayed a long-term anti-infl ammatory effect. 

 In order to use the OPMSC in a microscaled neural implant, 
we assessed the stability of the cell-micropatterning by culturing 
neural cells on PMSC and OPMSC arrays with ≈30 µm in width 

and ≈10 µm in thickness ( Figure    3  a). Figure  3 b,c shows that 
the PC12 cells on both PMSC-coated and OPMSC-coated (20% 
OPC) substrates exhibited neurite sprouting and outgrowth 
up to 40 µm after four-day incubation. However, only the cells 
on OPMSC-patterned substrates were successfully confi ned to 
exhibit the mono-axial extension of synapses along with the 
micropatterns. This means the OPMSC with OPC incorpora-
tion could prevent degradation by enzymes secreted from the 
cells, enabling long-term stability of cell-micropatterning.  

 Subsequently, we integrated OPMSC into the fl exible poly-
imide-based microprobe (Note 5 and Figure S5, Supporting 
Information). Through aerosol jet printing, the OPMSC (with 
20% OPC) could be directly printed on the insulate surfaces 
with the exposure of only Au electrodes (Figure  3 d). Since the 
neural interface is typically subjected to destruction by tissue 
fl uids with chronic use, maintaining the bonding stability 
is critical for use as a long-term biocompatible neural probe. 
After washing three to fi ve times with deionized water, we 
analyzed the morphology to demonstrate the structural sta-
bility and integration of OPMSC membrane on the polyimide-
based probe (see cross-section view in Figure  3 e). We used 
FTIR analysis to investigate the chemical bonding interaction 
between the OPMSC-probe interfaces (Note 6, Supporting 
Information), and the spectra in Figure S6 of the Supporting 
Information show that the peaks at 655, 807, and 920 cm −1 , 
which are attributed to C H wagging vibration of the benzene 
ring, weakened and broadened. On the other hand, the peak 
at 1055 cm −1  disappeared due to symmetrical ether linkage of 
polyimide. The presence of the strong hydrogen bonding and 
π–π stacking forces demonstrates the self-healing ability in the 
wet environment and stabilizes the interface between OPMSC 
and polyimide-based probe. [ 30 ]  To further investigate the OPC 
release behavior of the interface, the OPC release profi les of 
the probes coated with PMSC and OPMSC (1% OPC and 20% 
OPC) at pH = 7.4 were obtained using UV absorption (Note 
7, Supporting Information). As shown in Figure  3 f, the neural 
probe coated with OPMSC with 1% OPC resulted in a burst-
like OPC release, resulting in 50% accumulated release after 
2 d. However, the neural probe coated with OPMSC with 20% 
OPC resulted in a slower release rate, and showed only 15% 
accumulated release until 7 d. The release rate decreased with 
an increase in the OPC content, implying that the OPC release 
was related to the degradation of OPMSC (Figure  2 d). There-
fore, the OPC embedded in the OPMSC through hydrogen 
bonding interactions can achieve sustained release. To further 
prove the long-term biostability of the probes, [ 31 ]  we investi-
gated cell adhesion and differentiation over a seven-day period. 
The SEM images in Figure  3 g show that no cells adhered to the 
OPMSC insulate surface of the neural probe, while the cells 
only adhered to Au microelectrodes with a spherical shape. 
The results indicate that the OPMSC-coated neural probe 
offers cell-repellent ability, ensuring that cells only contact the 
microelectrodes. 

 To assess the possibility for further application of neural 
prosthetics in pathological disorders requiring chronic neural 
implantation, we evaluated the in vivo electrode–tissue inter-
face impedance and neural recording ability of the OPMSC-
coated probe after implantation in the deep brain by investi-
gating signal-to-noise ratios over time. To examine the stability 
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of evoked neuronal responses over time, we used a modifi ed 
neural probe [ 32 ]  with a single shank. Rats were implanted with 
a neural probe with thickness of 50 µm, length of 5 mm, shank 
width of 220 µm, and tip width of 3 µm (Note 8, Supporting 
Information). Since the effi cacy of implanted probes is mainly 
infl uenced by impedance, we measured the in vivo impedance 
of the implanted noncoated and OPMSC-coated neural probes 
over the lifetime (Notes 9 and 10, Supporting Information). We 
found that the OPMSC coating indeed reduced the impedance 
of the electrode–electrolyte interface compared to noncoated 
probes for all durations (Figure S7, Supporting Information). 
For further investigation, the neural signals were recorded in 
the ventroposteromedial/ventrolposteriorlateral (VPM/VPL) 

thalamic nuclei of the rats (Note 11 and Figure S8, Supporting 
Information). Both signal-to-noise ratio (SNR )  and the yield rate 
of multiple single-units of the noncoated and OPMSC-coated 
neural probes over the lifetime were subsequently measured 
and calculated at multiple time points ( Figure    4  a). As shown 
in Figure  4 b (black solid line), on day 28 after implantation, 
the SNR in OPMSC-coated neural probe group ( P -value < 0.05; 
 N  = 5) exhibited no signifi cant decrease compared to that in 
the noncoated probe group ( P -value < 0.05;  N  = 5), indicating 
that the OPMSC-coated neural probe produced stable chronic 
recordings. In addition, the mean yield rate of multiple single-
units of OPMSC-coated neural probe (8 ± 1.58 unit yields) was 
signifi cantly higher than that of the noncoated neural probe 
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 Figure 3.    a) Optical microscopy (OM)  image showing the patterning morphology of PMSC and OPMSC arrays with a thickness of ≈30 µm obtained 
by aerosol jet printing (scale bar equals to 100 µm). The red arrows indicate the patterned location. Comparison of PC12 cell patterning on b) PMSC 
and c) OPMSC arrays demonstrates that OPMSC can maintain structural stability in the biological microenvironment (scale bar equals 100 µm). d) An 
overview and SEM images of the fl exible OPMSC-coated polyimide (PI) probe (length = 1.48 cm). e) SEM image showing a cross-sectional view of 
OPMSC-coated probe after washing with water. f) OPC release profi les of probes coated with PMSC and OPMSC at pH = 7.4. g) SEM images of PC12 
cells growing on the OPMSC-coated neural probe. The enlarged view demonstrates that the PC12 cells only grow at the site of gold microelectrodes.
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 Figure 4.    a) Experimental setup of the electrophysiological recording. b) Signal-to-noise ratio (SNR) and mean yield rate of multiple single-units 
versus time. Data are expressed as mean ± S.D. (A) For  SNR  comparisons of neural recordings between the implanted OPMSC-coated and non-
coated probes, signifi cantly higher SNR recording was achieved with the implantation of OPMSC-coated probes at day 14 and day 28 compared to 
noncoated probe animals ( N  = 10) on the same day ( *  P  < 0.05). When comparing yield rate on microelectrodes from implanted OPMSC-coated 
and noncoated probes, the recording from a signifi cantly large number of identifi ed single units from the OPMSC-coated probe was favored at day 
14 and day 28 in comparison to the yield rate of multiple units of the implanted noncoated probe animals ( N  = 10) on the same day (  †   P  < 0.05). 
c–h) Representative fl uorescent images demonstrate tissue responses around the tip of the noncoated probe and the OPMSC-coated probe at 
days 2, 7, 14, and 28 post-implantation. (c) ED1 staining; (e) GFAP staining; (g) NeuN staining (scale bar equals 100 µm). Integral of fl uorescent 
intensity 0–100 µm from the microelectrode was obtained via the quantifi ed expression of (d) ED1-staining, (f ) GFAP-staining, and (h) NeuN-
staining ( *  P  < 0.05, post hoc pairwise  t -test).
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(5.6 ± 1.14 unit yields) by day 28 (red dotted line in Figure  4 b). 
The results demonstrate that the probe coated with OPMSC is 
highly reliable for chronic recordings, which indeed improves 
the stability of long-term recordings.  

 To investigate and quantify the changes in tissue character-
istics associated with the presence of a neural probe in brain 
tissue, we utilized diffusion tensor imaging (DTI) and derived 
the apparent diffusion coeffi cient (ADC), which represents 
the changes in water mobility in the vicinity of implanted 
brain tissue to character neuroinfl ammatory response [ 33 ]  
(Note 12, Supporting Information). Figure S11a, Supporting 
Information, shows a comparison of the ADC mappings at 
multiple time points between OPMSC-coated and noncoated 
probes. As shown in Figure S11b, Supporting Information, 
compared with noncoated probe, signifi cantly lower ADC 
values were found at day 2 in the OPMSC-coated probe, indi-
cating a lower increase in blood–brain barrier (BBB) perme-
ability in response to the disruption of BBB. [ 34 ]  From day 7 to 
day 28, relatively lower ADC values were found for the non-
coated probe, implying that the lesion site was surrounded 
by a denser population of activated microglia, astrocytes, 
and dead neurons that reduce the water indwelling, [ 35 ]  which 
are correlated to the increased microelectrode impedance at 
the implant surface. [ 17,36 ]  A dense glial encapsulating layer 
around the probe will result in to higher noise [ 37 ]  and lead 
to inconsistent recordings whereas the isolation of neurons 
leads to a low SNR. [ 38 ]  Finally, to examine the effect of lon-
gitudinal pathological changes during neural probe implanta-
tion, we performed immunohistochemistry to assess staining 
for ED1, glial fi brillary acidic protein (GFAP), and neuronal 
nuclei (NeuN), which indicates activated microglia, astrocytes 
and neurons, respectively (Note 13, Supporting Information). 
The quantitative comparison of fl uorescent intensity at 2, 
7, 14, and 28 days after implantation was used to investigate 
the acute and chronic tissue responses (Figure  4 c–h). [ 39 ]  In 
Figure  4 c, the ED1 expression was found within 50 µm from 
the noncoated probe by day 2, and it gradually increased until 
day 28. Comparably, the ED1 expression was relatively lower 
in the vicinity of OPMSC-coated probe during the period. The 
quantifi ed result in Figure  4 d indicates that on day 28 after 
implantation, the ED1 expression of the noncoated probe was 
1.5-fold higher than that of the OPMSC-coated probe. Similar 
results were also observed for GFAP expression. The GFAP 
expression of the tissues around the noncoated probe indicated 
that a large number of astrocytes were activated by day 2, and 
then they gradually migrated toward the probe to form a dense 
gliosis scar over 100 µm away from the implanted site within 
28 days (Figure  4 e,f). In comparison, there was relatively lower 
GFAP expression in the vicinity of the OPMSC-coated neural 
probe. For day 28 implantation, the quantifi ed GFAP expres-
sion of the noncoated neural probe showed that the intensity 
was two-fold higher than that of OPMSC-coated probe. 

 To our knowledge, the acute infl ammation responses are 
mainly attributed to the mechanical lesion induced by the 
insertion of the implant into the surrounding tissues, which 
disrupts blood vessels and in turn, activates microglia and 
astrocytes during the implantation period. [ 5,39 ]  Figure S14, Sup-
porting Information, shows the comparison of tissue responses 
around the tip of the noncoated probe, PMSC-coated probe and 

the OPMSC-coated probe at days 2 and 7 post-implantation. 
As shown in Figure S13, Supporting Information, the inten-
sity of ED1 and GFAP expression with the PMSC-coated probe 
was weaker than that of the noncoated probe, but stronger 
than that of the OPMSC-coated probe on day 7 after implan-
tation. The result indicates that as compared to the noncoated 
probe, the PMSC coating can provide a fl exible/soft interme-
diate to reduce mechanical damage, so the tissue responses are 
reduced. Further, the addition of OPC could further alleviate 
infl ammatory reactions by day 7 after implantation. Therefore, 
OPMSC demonstrates the synergistic effects of PMSC and OPC 
on reducing tissue responses. It is worth noting that for NeuN 
expression, there was no difference between the two groups on 
day 7 after implantation (Figure  4 g,h), while by day 14 and day 
28 after implantation, there was relatively higher NeuN expres-
sion around the OPMSC-coated probe. The results imply that 
the suppression of acute immune reactions reduces chronic 
tissues responses and enhances neuronal survival. In addition, 
according to our in vitro test demonstrating that the OPC effi -
ciently reduced ROS generation in PC12 cells, the higher neu-
ronal survival found by day 14 and day 28 after implantation 
of OPMSC-coated probe may be attributed to the OPC incorpo-
ration. As we know, extracellular ROS are directly neurotoxic, 
while intracellular ROS enhance the production of pro-infl am-
matory cytokines including tumor necrotizing factor (TNF-α) 
and monocyte chemoattractant protein-1 (MCP-1) in microglia, 
which impacts chronic implantation. [ 40 ]  Our study indicates 
the OPMSC-coated probe constructs a long-lasting anti-infl am-
matory environment to protect surrounding neurons for both 
acute and chronic implantation, and in turn improves the bio-
stability for long-term recordings. 

 In summary, we developed a new type of antibiofouled/
anti-infl ammatory OPMSC nanocarrier and utilized aerosol 
jet printing technology to directly construct a patterned neural 
interface for chronic neural implantation. The 3D nanocar-
rier-based membrane composed of amphiphilic silicone-
modifi ed chitosan (PMSC) and natural antioxidant OPC agent 
mimicked brain tissue physical properties and demonstrated 
antibiofouling ability. After short-term and long-term in vivo 
implantation, the OPMSC-coated neural probe displayed 
a relatively lower impedance value and much higher signal 
stability compared to noncoated probe. The ADC obtained by 
magnetic resonance imaging (MRI) demonstrated that the 
OPMCS-coated probe alleviated edema at the acute phase, 
and further reduced tissue trauma in the chronic phase. 
Immunostaining of anti-NeuN, anti-ED1, and anti-GFAP 
around the implanted site further demonstrated that the 
OPMSC-coated probe signifi cantly reduced the population of 
activated microglia and astrocytes for all durations, resulting 
in increased survival 28 d after implantation. Such multifunc-
tional nanostructured OPMSC-coated neural probes can pro-
vide a long-lasting functional neural interface for long-term 
neural implantation. 
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