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Abstract

Due to their ability to interface with neural tissues, neural electrodes are the key tool used for
neurophysiological studies, electrochemical detection, brain computer interfacing, and countless
neuromodulation therapies and diagnostic procedures. However, the long-term applications of
neural electrodes are limited by the inflammatory host tissue response, decreasing detectable
electrical signals, and insulating the device from the native chemical environment. Surface
modification methods have been proposed to limit these detrimental responses, but each has their
own limitations. Here, we present a combinatorial approach towards creating a stable interface
between the electrode and host tissues. First, a thiolated nanoparticle (TNP) coating was utilized to
increase the surface area and roughness. Next, the neural adhesion molecule L1 was immobilized
to the nanoparticle modified substrate. /n7 vitro, the combined nanotopographical and bioactive
modifications (TNP+L1) elevated the bioactivity of L1, which was maintained for 28 days. /n
vivo, TNP+L1 modification improved the recording performance of the neural electrode arrays
compared to TNP or L1 modification alone. Post-mortem histology revealed greater neural cell
density around the TNP+L1 coating while eliminating any inflammatory microglial encapsulation
after four weeks. These results demonstrate that nanotopographical and bioactive modifications
synergistically produced a seamless neural tissue interface for chronic neural implants.
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Introduction

Neural electrodes are devices designed to detect the electrical fluctuations between
communicating neurons and provide precise electrical inputs to the nervous system. The
unparalleled signal resolution of these devices is a key component of brain-computer
interfaces, a promising therapy for people with paralysis.[=3] Additionally, these minuscule
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electrodes are employed for neurological investigation[# 5] or real-time electrochemical
detection of compounds in the tissue.[5-°] However, the implantation of the device into

the tissues elicits an inflammatory reaction which can result in encapsulation of the device
by glia and loss or degeneration of neurons from the site of implantation.[10. 11] These
reactions may compromise the neural recording/stimulation ability, while also hampering
electrochemical detection by blocking the diffusion of compounds to the sensing surface.l’]
Control over these detrimental inflammatory reactions is vital to ensuring stable chronic
implant functions.

Many strategies have been investigated for minimizing the inflammatory host tissue
response to implants, including reducing implant size,[2] increasing flexibility,[13-16]
surface modification, and administration of anti-inflammatory compounds.[17-201 Among
these, surface modification holds great promises in that it only minimally modifies the
implant at the surface where it interacts directly with the biological tissue, without
affecting mechanical and electrical functionality and durability of the implant. Bioactive
coatings are one type of surface modification. Molecules such as proteins, peptides, and
therapeutic compounds are immobilized to the surface of the implants to disguise the
electrode as a non-foreign material or control the tissue reactions after implantation.

For example, catalytic antioxidants such as superoxide dismutase mimics (SODMs) that
control inflammatory signaling by eliminating reactive oxygen and nitrogen species[20. 211
have been functionalized and immobilized on neural probe surface, and were found to
lower inflammatory markers in vivo after 1 week of implantation.[2X] Meanwhile, coatings
derived from laminin or laminin peptides on the shank[?2] or electrode sites[23-26] have
been effective at increasing neuron adhesion to the device /in vitro and decreasing glial
encapsulation /7 vivo. L1, a neuron adhesion protein, has attracted our attention as an
ideal candidate for neural electrode coating due to its ability to specifically promote
neuron adhesion lowering fibroblast and astrocyte attachment i vitro,[27: 28] as well as
the numerous evidence supporting the promotion of neural regeneration.[29-321 When bound
to the neural electrode, L1 decreases microglia activation and astrogliosis, increases the
number of neurons adjacent to the electrode and improves electrophysiological recording
for up to 16 weeks.[11. 29. 33-35] while highly promising, bioactive coatings may have
limitations stemming from their limited bioactive lifetimes and their binding being limited to
the surface area of the electrode.

Another surface modification strategy for encouraging a healthy integration of the electrode
and the host tissues is to tailor the surface micro and nano topography via different means
of topographical modification and patterning. The effects of topographic modifications /in
vitro have been extensively studied. Neurons grown on topographically modified substrates
were more viable[36], and had greater neurite outgrowth.[27. 37-3%] Neuron differentiation
and outgrowth can be affected by micro to nano geometries such as nanopillars,[40-42]
nanofibers,[43: 44] and nanopores.[4°: 46] Topography can also vary in organization, with
aligned features encouraging more directional neuron outgrowth than random features.

[43, 44] Fyrther, micro-topographical changes alter glial cell phenotypes(47! with rougher
surfaces decreasing glial cell activation i vitro.[4: 48] However, topographic modifications
alone have not been shown to be sufficient at halting inflammation in response to neural
electrode implantation 77 vivo.[49] In addition, while certain topographical modifications are
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non-damaging[2”] many require that the surface be etched or eroded,[37: 38. 48, 49] treatments
that are likely to be incompatible with thinly insulated microelectrode devices.

The potential of synergistic effects of bioactive coatings and topographical modifications

in producing stable chronic neural electrodes has been less explored. Topographical
modifications can increase the surface area for modification, effectively increasing the
number of binding sites. Recently, we have shown that the increase in binding sites increases
the amount of immobilized bioactive molecules which leads to enhanced bioactivity.[27]
Others have shown that proteins immobilized to nano-topographical surfaces are more stable
than their soluble counterparts.[50]

Herein we developed and validated a nano-topographical bioactive neural electrode coating.
First, we created a topographical modification by immobilizing thiol-functionalized silica
nanoparticles (TNP) to the surface of silicon and glass substrates. Next, the TNP surface
was covalently coated with the neural adhesion protein L1. We examined the bioactivity
and stability of the coating /n vitro with comparisons made to the L1 coated smooth

surface without TNP. Finally, the TNP+L1 coating was applied to silicon based single shank
electrode arrays to evaluate the synergistic effects of TNP and L1 on neural recording
performance and tissue reactions /n vivo.

2. Results

2.1 Nanoparticle characterization and Deposition

Nanoparticles were fabricated from tetraethylorthosilicate (TEOS) and mercaptopropyl
trimethoxysilane (MTS) under basic conditions, as done in our prior work.[27] Particle
deposition is predicated on the interaction between thiols, amines, and the hetero-crosslinker
gamma-maleimidobutyryl-oxysuccinimide ester (GMBS), as shown in scheme 1. The
deposition was monitored stepwise via water contact angle (WCA) and ellipsometry
(Figure 1A), measuring changes in hydrophilicity and roughness respectively between steps.
Substrates were first cleaned with acetone and isopropanol to remove larger contaminates,
then activated under O, plasma. O, plasma treatment eliminated any organic contamination
on these substrates, and also dramatically increased the hydrophilicity of the substrate

with WCA decreased from 65.0° £ 5.3° to 11.3° + 2.3° (mean £ SD). Next, aminopropy!
triethoxysilane (APTES) was then reacted with the activated substrate, which was verified
by the increase in WCA (61.9° £+ 1.6°). The amine groups were then linked to the GMBS
crosslinker, reducing the contact angle (40.6° £ 3.5°). Finally, the maleimide group on
GMBS reacted with the TNP to covalently link the nanoparticles to the silicon or glass. The
WCA significantly decreased after particle immobilization (13.1° £ 2.3°), while the RMS
roughness of the substrate increased (78.6nm +0.2nm). Nanoparticle distribution was then
visualized under SEM (Figure 1B). Modification of the silicon substrate with TNP occurred
uniformly across the substrate. TNP bound to each other, producing larger interconnected
features with even greater roughness and surface area than would be expected from a single
monolayer of nanoparticles.
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2.2 Protein Binding and Binding Lifetime

The effect of surface topography on increasing protein bioactivity and stability was assessed
via culture of primary cortical neurons (Figure 2). Glass coverslips were modified to

display either thiol groups (smooth substrates) or nanoparticles (rough substrates). Smooth
thiol modified substrates were produced by reacting activated glass substrates with MTS,
mimicking the surface chemistry of rough substrates. Both smooth and rough samples were
then reacted with GMBS followed by immobilization of L1 (see scheme in Figure 2A&B).
WCA of the resulting TNP+L1 and smooth L1 surfaces were 57.4° + 4.7° and 52.4° +

2.6°. Smooth and nanoparticle modified coverslips coated with L1 were incubated in PBS at
37°C to examine the relative amounts of bound L1 and whether the L1 will detach from the
substrate over time. We observed that there was a 75% increase in the amount of L1 bound
to the TNP modified surface relative to the smooth surface prior to the incubation, indicating
that more L1 was able to bind to the TNP modified surface. After incubation, the amount of
L1 bound to the smooth surface decreased by 59.05% and 64.56% after one and four weeks,
respectively. Conversely, the amount of L1 bound to the TNP modified surfaces was better
retained, decreasing by 3.53% after one week and 15.23% after four weeks (Figure 2C).

2.3 Bioactivity of L1 and Bioactive Lifetime

Next, we examined the long-term bioactivity of L1 bound to smooth or rough substrates.
Sets of L1 modified samples were soaked in PBS at 37°C for 3 days, 7 days, or

28 days to determine if the bioactivity of immobilized L1 decreases under physiologic
conditions. Additional modified coverslips were created without protein modification to
examine the effect of topography on neurite outgrowth. Primary neurons were cultured
directly onto the substrates for 36 hours, followed by fixation and staining for B(I11)-tubulin
(neurons) and DAPI (nuclei). Topographical modification had a significant effect on neurite
outgrowth, with an increase in the overall length of projections compared to a smooth
surface without subsequent protein modification (Figure 2E). Meanwhile, L1 immobilization
was advantageous regardless of surface topography, with significant increases in neurite
outgrowth apparent on both smooth and rough substrates at early time points (Figure 2E).
Overall, L1 modified rough substrates produced the highest neurite outgrowth of the test
conditions. Furthermore, L1 was not stable on smooth substrates, with significant decreases
in total neurite projections observed between the fresh and the 7 and 28 day time points. On
the other hand, there was no observed decrease in neurite outgrowth for L1 modified rough
substrates, regardless of incubation time (Figure 2F).

2.4 Electrical Properties and Electrophysiology Performance of Modified Electrodes

To ensure that the non-conductive coatings do not interfere with the electrophysiology
recording, a set of functional electrodes was used to examine the effects of TNP+L1
coatings on the electrical property and recording capability over time (Figure 3). Impedance
measurements were taken prior to surface modification (pristine) and all subsequent
impedance modulus values were scaled to the pristine impedance. Following modification
there was a slight increase in the impedances for the TNP and TNP+L1 electrodes, while
the smooth L1 electrodes decreased slightly in impedance (Figure 3A). Impedances on

all electrodes increased after implantation, but the increase in impedance was significantly
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lower for the TNP+L1 modified electrode at two, three, and four weeks (Figure 3A).
TNP+L1 single unit yield (% of channels that were able to record at least 1 single unit) was
greatest at all time points and was significantly higher than all conditions when compared
across timepoints (Figure 3B, p<0.001). The TNP+L1 coating did not appear to affect the
SNR (Figure 3C), however, the TNP+L1 coating did produce a significant decrease in the
recording noise at three and four weeks (Figure 3D,E).

2.5 Post-Mortem Histology

Neural nuclei were stained with NeuN (Figure 4A,D), and cell counts were quantified

and normalized to control images (Figure 4B,E). Quantifying cell counts immediately
adjacent to the electrode at 1-week post implantation revealed that control electrodes had
significantly lower cell counts within the 100um zone of implants than any other condition,
while L1 and TNP+L1 electrodes showed the highest cell density. All electrodes exhibited
a decrease in cell counts in the vicinity of the electrode compared to undisturbed regions
of the brain, with relative cell counts approaching control tissues after 150um from the
implant surface (Figure 4C). The observed decrease in neurons adjacent to the electrode was
no longer universally present after four weeks. At four weeks, neuron density was greatest
adjacent to TNP+L1 electrodes, significantly higher than any other condition (Figure 4E).
This result is even more interesting due to the neural cell density being greater than the
control brain regions.

NF-200 staining was performed to examine the axonal growth after implantation (Figure
5A,D). At 1-week post implantation, a significant increase in NF-200 staining was observed
for both nanoparticle-modified conditions within the 200um zone (Figure 5B). By contrast
at 4-weeks, the most intense staining was adjacent to the TNP+L1 electrode. The NF-200
intensity in the 100pum region adjacent to the TNP+L1 electrode was significantly higher
than the region adjacent to the control electrode as well as the baseline value calculated from
the control images. NF-200 intensity was also elevated near L1 modified electrodes, with
the mean intensity higher than control images (intensity > 1) but not significantly different
than the tissue proximal to the control electrode (Figure 5E). Regardless of experimental
condition or timepoint, relative NF-200 staining intensity returned to baseline prior to the
225um measurement (Figure 5C,F).

Host microglia were stained with Iba-1 (Figure 6A,D). At the 1-week timepoint, Iba-1
expression appeared to trend upwards after nanoparticle modification, however these results
were not deemed significant (p>0.05, one-way ANOVA) (Figure 6B). After one week,
the staining intensity verses distance was similar for all test conditions, with a peak
staining intensity adjacent to the electrode followed by a decrease to baseline values after
100-150um from the implant (Figure 6C). After four weeks, this trend was no longer
apparent. The TNP modification produced the greatest increase in Iba-1 staining, while
the TNP+L1 modification eliminated microglial encapsulation after 4 weeks (Figure 6E).
Smooth conditions were nestled between the TNP modified conditions, with L1 modified
probes exhibiting lower Iba-1 expression than smooth controls. The TNP intensity verses
distance shows an interesting peak at 50um from the implant (Fig 6F). The peak was
attributed to low sample sizes for the 25um bin due to tissue loss during brain removal.
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Astrocytic activation was visualized by staining for GFAP (Figure 7A,D). At 1-week,

GFAP staining was significantly higher in the control group than any of the experimental
conditions (Figure 7B). The intensity verses distance graphs demonstrate the expected trend,
with the highest GFAP staining being closest to the electrode and decreasing towards
baseline. At 4-weeks post implantation, the L1 and TNP+L1 groups had significantly lower
GFAP expression adjacent to the electrode compared to the control electrodes (Figure 7E).

The observed increase in neurons adjacent to the TNP+L1 electrode prompted investigation
into the origin of these cells. Nestin (green) and DCX (red) stains were performed on the
one and four week tissues (Figure 8A,D). At 1-week, an increase in nestin positive cells was
observed for the TNP+L1 and TNP electrodes relative to the control (Figure 8B). Similarly,
an increase in DCX positive cells was observed for all conditions relative to control at
1-week with TNP+L1 having the highest number of DCX positive cells (Figure 8C). The
nestin and DCX staining dropped dramatically at four weeks. At the later time point, only
the L1 modified smooth probe produced significant differences in nestin and DCX positive
cells relative to the other probes (Figure 8E,F).

2.6 Explant Analysis

Explanted electrodes were examined under SEM to confirm the stability of the nanoparticle
deposition /n vivo (Figure 9). Regions adjacent to the skull were less tissue-encapsulated,
and the particle modification was clearly visible (Figure 9A). Distal regions of the electrode
were well coated with biological materials, and nanoparticles were not able to be directly
observed by SEM. However, deformations in the biological tissue (diameter 147nm + 17nm,
mean + SD) coincided well with the dimensions of the nanoparticles bound to the probe
adjacent to the skull (159.2 +15.6), suggesting their presence below the biological layer
(Figure 9B,D). The bhiological encapsulation was also present on electrodes without TNP
modifications, but the lack of underlying textural modification produced a smooth coating
(Figure 9C).

3. Discussion

In this work, we examined the potential for the combination of bioactive molecules
immobilization and modification of surface topography for a more stable electrode-tissue
interface. We used nanoparticles to elevate the roughness of the surface. This modification
increased the amount of bound protein and increased the biological lifetime of proteins.

Silica nanoparticles are an ideal candidate for surface topographical modification. A thiol
modified silica nanoparticle was synthesized such that the particles would be covalently
linked to GMBS modified substrates of either silica or silicon. The methods detailed here
allow for precise tailoring of the chemical and morphological properties of silicon surfaces.
The binding mechanism can be altered by changing the base silane, the crosslinking agent,
or even the functionalization of the nanoparticles. The surface chemistry of the fully
modified substrate is directly related to the surface chemistry of the silica hanoparticles.
Exchanging the silane used during nanoparticle synthesis may allow for alkene, alkyne,
amine, amide, epoxide, sulfonate, and many other surface functional groups. The topography
may be readily tailored by changing the size of the nanoparticles, their concentration, or
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changing the amount of interaction between particles to increase or reduce stacking. Unlike
etching or focused ion beam milling, TNP modification can change the topography with
minimal damage to the underlying substrate, which would otherwise be a concern when
working with costly neural electrodes or other medical devices. Finally, the nanoparticle
binding is stable both /n vitroand in vivo, making the surface modification ideal for
biologically interfacing devices.

We have previously reported the immobilization of proteins and other bioactive molecules to
TNP modified surfaces.[27] The primary finding in that study was that significantly more L1
bind to the roughened surface and this higher surface density translated to higher bioactivity
manifested as longer neurite extension. In this study, we specifically examined the longevity
of the protein coating by soaking samples at physiological conditions for extended periods
of time to simulate the /7 vivo application, and examined the amount of bound proteins and
their bioactivity. First, we observed an increase in the amount of protein bound to the TNP
modified substrates. In addition, TNP modified substrates maintained their bound protein
better under physiological conditions. The increase in bound protein translated to enhanced
bioactivity of the substrates.

The increase in stability may be attributed to a few factors, including an increase in the
amount of bound protein,[27] a decrease in deterioration of the protein,[% complementary
interactions of topography and protein modifications, and stronger binding of the protein
to the TNP substrate compared to the smooth substrate. TNP surface modification has
previously demonstrated to increase the amount of protein bound to the surface by
increasing the available binding locations. If the surface bound concentration of L1 is greater
than the concentration detectable by neurons, then loss of a small portion of the bound

L1 should not affect the neurite outgrowth. Conversely, the L1 binding may be below the
highest effective level but capable of maintaining its bioactivity for longer when bound

to the TNP substrate. Binding of the L1 to multiple locations may increase the bioactive
lifetime. L1 bound to a single location on the surface would be removed by breaking

any chemical bond in the protein backbone or crosslinker, making the binding mechanism
precarious. L1 scaffolded to the TNP modified surface may have a greater number of
binding sites with the surface and be far less likely to de-couple during the incubation
period.

In addition to maintaining the bioactivity of the L1, the possibility of a cooperative effect
between the protein and topographical modifications should not be ignored. This idea is
supported by the observation that the TNP modification was sufficient to increase neurite
outgrowth compared to smooth chemistry-matched samples, and that the L1 maintained a
small degree of activity on smooth surfaces after 28 days. The synergistic effect of the
TNP+L1 coating may be sufficient to maintain the neurite outgrowth even as the L1 itself
decreases in activity.

Rough substrates have previously been shown to enhance neurite outgrowth and attachment,
[37. 39, 51, 52] with the maximum outgrowth seen for surface roughness between 20nm

and 70nm.[37] These findings are further supported by this work, with the calculated
roughness of the TNP modified substrates (78.6nm + 0.2nm) just above the upper limit. The
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discrepancy may be explained by the mathematical representation of roughness. Roughness
calculations are imperfect representations of surface topography, most often relying on
deviations from the mean height of the sample and not the size/shape of the surface features.
The aforementioned ideal roughness was measured on etched silicon, producing a more
jagged surface topography than TNP immobilization. The smoother TNP coating may have
a different ideal roughness, and further examination of neurite outgrowth on nanoparticle
modified surfaces may provide invaluable information regarding the interplay of roughness,
particle size, and neurite extension.

We observed that the NPs not only cover the silicon oxide portion of the neural probe,

but also the electrode sites. One valid concern is whether the non-conductive NP coating
will block signal transduction and consequently compromising the recording capability. The
impedance of the electrodes was increased by <150kQ after the TNP and TNP+L1 coatings,
a change which is unlikely to affect recording performance. The TNP+L1 electrodes had
the lowest /n vivo impedances at three and four weeks, negating any initial impedance
increases due to modification. Interestingly, a slight decrease in the impedance of the L1
modified electrodes was observed, which could be attributed to the additional cleaning of
the electrode site during surface modification. In addition, bound proteins can affect the
charge exchange at the electrode/electrolyte interface,[®31 and the slightly negatively charged
L1 may also have contributed to the observed impedance change. The implanted TNP+L1
electrodes maintained the lowest /n vivo impedances of the tested conditions, potentially
indicating that the modification could minimize glial encapsulation at the electrode site.
Additionally, the TNP+L1 modification increased the single unit yield of the modified
electrodes compared to the other conditions, further confirming the functionality of the
electrode was not compromised by the non-conductive coating. The increased recording
yield could be a result of higher neuron density at the vicinity of the probe with the TNP-L1
showing the highest yield and highest neuron density among all groups. Noise was also
lowered by the TNP+L1 modification due to the decreased impedances. Johnson noise was
calculated by the equation:

Vhnoise = \/4kBRTAf

Where kg is the Boltzman Constant (1.38x10723 J K71), R is the real impedance, Tis
temperature in Kelvin, and Afis the sampling frequency. The calculated values of Vyjse for
the TNP+L1 and TNP electrodes at week four are 9.57uV and 14.72uV, respectively. The
measured noise values of 11.28uV and 15.81uV align well with the calculated values. With
lower noise, additional low amplitude units may be captured which can lead to higher yield
but lower average peak to peak amplitude.

Neural electrodes rely on the proximity of the electrode sites and neural somas to be within
140um0>4 and closer distances are heavily preferred. The neuron cell density at the vicinity
of the implant was higher for the L1 modified electrodes compared to control and TNP
modified groups, but overall cell density was dramatically lower than control tissues at the
1-week time point. The general decrease in neuron cell density is likely due to insertion
injury and the strong acute response to the implant. Neuron density adjacent to the electrode
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was recovered at four weeks and was even elevated above control tissue for the L1 and
TNP+L1 modified conditions. Such increase in neuronal density is likely to contribute to the
elevated single unit yield. The increased presence of neuron somas adjacent to the electrode
could be due to a number of reasons: 1) tissue compression after electrode insertion along
with the lack of cellular death around the L1 coated probes due to the anti-inflammatory and
neuroadhesive effect L1 and 2) migration of neurons to the site of injury and neurogenesis.

Nestin and DCX staining was performed to examine the origin of the neurons around the
implanted electrodes. Nestin is expressed in neural stem and progenitor cells and endothelial
cells during angiogenesis.[5%] The increase in nestin staining at 1-week post implantation
indicates that tissue healing has commenced, and new cells and vessels are present adjacent
to the probe. This response appears to be most prominent adjacent to the TNP+L1 electrode.
This expression decreases at the four-week timepoint for all conditions, possibly indicating
that the new tissues around the electrode have begun maturing. DCX is used as a marker

of immature neurons!>¢! and increases in DCX staining may indicate that immature neurons
are present adjacent to the electrode after injury. DCX positive cells have been observed
following implantation of mesh electrodes, potentially due to migration of neurons to the site
of implantation.l57] At 1-week post implantation, a significant increase in the DCX positive
cells was observed in both L1 and L1+TNP groups, further suggesting that neurons in the
area may have formed recently. Similar to the nestin staining, the number of DCX positive
cells decreased at the 4-week timepoint as the cells mature. The increase in nestin and DCX
staining for the L1, TNP, and TNP+L1 is a promising indication of the beneficial effects of
both topographical and bioactive modifications. The positive nestin and DCX staining are
very promising, but a more intensive characterization is required to confirm the origin and
age of the neurons and whether these cells can contribute to the recording yield.

The axonal densities were similar between all groups at 1-week post implantation, however
there was a small but significant increase in the NF-200 staining directly adjacent to the TNP
and TNP+L1 modified electrodes relative to the control and L1 groups. At 4 weeks, the two
L1 modified conditions exhibited significantly increased NF-200 staining relative to control
and TNP groups. Unlike somas, regeneration is more commonly observed in axons. The
increase in NF-200 staining is attributed to a combination of axonal regeneration, adhesion
to the L1-modified electrode, and tissue compression/remodeling after insertion. L1 is a
potent promoter of neurite extension in vitro and axonal regeneration /n vivo.[30. 31,58, 59]
The axonal promoting effect of L1 coating on neural probe has been previously reported by
our group.[11: 33.60] The result here is consistent with the previous finding.

Staining microglia and astrocytes allowed for the examination of non-neural cell responses
to the implanted foreign body. Contrary to expectations, at the 1-week time point there

was an elevated, yet not significant, iba-1 expression adjacent to the TNP+L1 electrodes.
This result reversed itself at the 4-week timepoint, with the TNP+L1 modified electrodes
performing significantly better than all other treatments. Previous experiments have
concluded that L1 minimized microglial activation after contact, such that the cells still
respond to the implant but after examining the surface do not continue forward to traditional
encapsulation.[35] Here, we see that at the early time point the microglia are still in

the process of examining the implant. At 4-weeks, the TNP+L1 electrodes exhibited no
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microglial encapsulation. The complete lack of microglial activation for TNP+L1 electrodes
is attributed to the increased stability of the L1 coating, remaining active throughout the
initial inflammation and allowing for the formation of a healthier electrode-tissue interface.
TNP modification itself did not lead to decreased immune response, instead increasing
microglial encapsulation at 4-weeks. The increase in glial response may be caused by the
increased binding of blood proteins to the TNP surface, or detachment of a small number

of particles which then caused an additional immune response. Rosengren et al. found that
encapsulation of smooth electrodes increased between 6 and 12 weeks, while encapsulation
of porous surfaces decreased or remained constant.[61] Therefore, it remains to be important
to investigate how inflammatory responses evolve over longer implantation time for the TNP
surface.

Increased expression of GFAP in astrocytes is often observed after brain injury as the
tissue forms a scar around the damaged area.[52] At the one-week timepoint, differences

in astrocytic encapsulation were observable between the control electrodes and all three
experimental conditions. Astrocytic encapsulation occurs after microglial,[19 and was
expected to be more predominant at the 4-week time point. At this time point, L1 and
TNP+L1 electrodes elicited significantly lower encapsulation than the control electrodes.
Notably, the TNP modification alone was not able to affect the astrocytic encapsulation

at four weeks. While previous work has demonstrated that topographical modifications are
sufficient to limit astrocytic spreading /7 vitro, the presence of L1 appears to be required to
translate these findings /n vivo.[27]

Finally, it is necessary to confirm the attachment of the nanoparticles after explantation.
The adhesion of the particle to the electrode must be maintained throughout the study for
the L1 coating to maintain its function. Furthermore, unbound nanoparticles may increase
inflammation as phagocytic cells try to remove them from the implant vicinity. The binding
of the nanoparticles to the surface was studied with SEM after explanting the electrodes,
verifying that the TNP and TNP+L1 modifications are stable throughout the 4-week
experiment. SEM is not capable of confirming that no nanoparticles detached /n vivo,

and removal of a small percentage of the nanoparticles may have occurred without being
detected. While not performed in this study, more direct measurements of the nanoparticle
layer (surface area and roughness) before implantation and after explantation would provide
a more quantitative assessment of nanoparticle layer stability. However, the bulk of the
coating remained intact after explantation and maintained its bioactivity throughout the time
course of this study. Together with previous studies which have examined the adhesion

of the nanoparticles and silicon substrates,[27] there is sufficient evidence to indicate the
maintenance of nanoparticle adhesion for at least 4-weeks /n vivo.

4. Conclusions

In this work we have explored the combined use of nano topographical and bioactive
surface modifications for use on neural implants. /n vitrowe observed that the
nanoparticle modification was successful at both increasing the bioactivity of the L1
surface modification, as well as maintaining that activity for up to four weeks at 37°C
in PBS. /n vivo, the L1+TNP modification outperformed both individual modifications
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(TNP and L1 respectively) by demonstrating the highest single unit recording yield, highest
number of neural somas adjacent to the electrode, and eliminated microglial reactions after
four weeks. Elevated expression of DCX and nestin adjacent to the TNP+L1 electrode

may indicate that neural stem/progenitor cells may have migrated to the electrode site

after implantation and some of them underwent neuronal differentiation. Additionally,

the nanoparticle modification was stable for the course of the experiment. Together, we
have found that the combined nanoparticle and bioactive L1 surface modifications offer

an opportune method of increasing chronic electrophysiologic recording performance by
enhancing both the bioactivity and lifetime of protein surface modifications, without risk of
damage to the device.

5. Experimental Section

All reagents were purchased through Acros Organics (Fair Lawn, NJ) and used as purchased
unless otherwise stated. Tetraethyl orthosilicate (TEOS) was purchased from Millipore-
Sigma (Burlington, MA). Silicon wafer was purchased through University Wafer (Boston,
MA), glass coverslips through Electron Microscopy Sciences (Hatfield, PA), and silicon
electrodes were supplied by NeuroNexus (Ann Arbor, MI). Functional electrodes were
model A1x16-3mm-100-703, with 16 electrode sites, a total length of 3mm, electrode
diameter of 30um, and 1kHz impedances between 200kQ and 400kQ, and dummy electrodes
were matched to this geometry but without the functional connector attached. Fluorescence
imaging was performed on a Leica DM14000b. Brain slicing was performed with a Leica
CM 1950 cryostat. Confocal images were taken by Olympus Fluoview 1000. Scanning
electron microscopy (SEM) images were taken by JSM6335. Particle sizes were measured
with ImageJ. Water contact angle (WCA) measurements were performed with AST Products
VCA Optima. Ellipsometry measurements were performed on J. A. Woollam a-SE, data
were analyzed with a Cauchy model, assigning a refractive index of 1.45.

Nanoparticle Synthesis:

Thiol modified nanoparticles were fabricated as previously described.[63] In brief, a solution
of water (36mL), ethanol (5mL), and triethanolamine (6.18mL) was heated to 60°C. Under
vigorous stirring, TEOS (3mL) was added dropwise. The reaction was allowed to proceed
for 5 minutes, at which point mercaptopropyl trimethoxysilane (MTS, 1mL) was added. The
reaction continued under stirring for 1 hour, then additional MTS (250ul) was added and

the reaction continued for 1 additional hour. Particles were collected from suspension via
centrifuge and washed with ethanol and water.

Particle immobilization:

Substrates (silicon wafer, glass coverslips, or silicon probes) were washed with acetone
and isopropanol, followed by activation under oxygen plasma for 5 minutes. Functional
electrodes were grasped with a stereotaxic frame by the tab, while dummy probes were
secured to a plastic tab which was secured to a stereotaxic frame. The activated substrates
were immersed in aminopropyl triethoxysilane (APTES) or MTS at 2.5v/v% in ethanol for
1 hour then washed thoroughly with ethanol followed by water. MTS coated substrates
were removed at this point to serve as chemistry matched smooth control compared to TNP
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electrodes. APTES modified substrates were immersed in GMBS solution (2mg mL™1 in
phosphate-buffered saline (PBS)) for 30 minutes, then washed with water. A nanoparticle
suspension was made by sonicating TNP (10mg) in 0.1x PBS (10mL), diluted with double
Dl-water. APTES-GMBS modified substrates were immersed in the nanoparticle suspension
for 1 hour at 37°C, with constant agitation provided by either an orbital shaker (for glass/
silicon) or a small stir bar (probes).

L1 was isolated from rat brain tissues as previously described.[30] In brief, brains were
isolated from p16-20 rat pups and the membrane was isolated and solubilized in CHAPs
buffer. The solubilized membrane was then passed through an antibody affinity column and
L1 protein was eluted by the addition of diethylamine solution at pH 11.5. L1 samples
were collected, combined, and stored at —80°C. Before use, L1 solutions were thawed and
dialyzed to remove diethylamine.

Protein Immobilization:

Protein immobilization was performed on either smooth MTS modified substrates or TNP
modified substrates. Substrates were re-immersed in GMBS solution (2mg mL™1), followed
by washing and submerging of the substrates in L1 solution (50ug mL™1) for 1 hour at 37°C.
L1 was immobilized to 18mm glass coverslip pre-modified with TNP or MTS and the slides
were placed into 12 well plates. Half of the modified coverslips were dried thoroughly,

and the remaining submerged in PBS (2mL). The plate was then incubated for one or four
weeks, after which all samples were washed with DI water. L1 was digested off the samples
with 6N HCI for 24H at 80C in sealed containers. The peptide concentration was measured
by UV-absorbance of the sample at 280nm.

In Vitro Experiments:

To examine the long-term bioactivity of L1 after immobilization, 10 groups of coverslips
were created, split between TNP modified coverslips and smooth MTS modified coverslips,
with at least 5 samples per condition and 3 experimental repeats. 4 weeks before cell culture,
1 group of smooth and TNP modified glass was immersed in GMBS solution followed by
L1 immobilization as described above. The samples were then washed and stored in PBS in
a cell culture incubator. This procedure was repeated at 7 and 3 days before cell culture, as
well as the day of culture.

Primary neurons were isolated from rat E18 fetuses. The mother rat was euthanized under
CO,, followed by cervical dislocation, at which point the pups were removed and placed in
ice-cold Hanks balanced salt solution (HBSS). Individually, a pup was isolated, decapitated,
and the brain removed. The cortex was isolated and submerged in .15% trypsin solution for
15 minutes at 37°C. The brain was washed with HBSS and dissociated via trituration. The
supernatant was collected and cells concentrated via centrifuge. Cells were resuspended in
Neurobasal media, supplemented with B27, GlutaMAX, and Pen/Strep, then counted and
plated at a density of 25,000 cells cm™2. Cells were grown for 36 hours, then fixed with

4% paraformaldehyde (PFA). Fixed cells were permeabilized with 0.2% Triton-X in PBS,
followed by immuno-staining for b(l11)-tubulin and DAPI.

Adv Healthc Mater. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Woeppel and Cui

Page 13

Surgery and Implantation:

All animal work was performed under the guidelines of the University of Pittsburgh
Institutional Animal Care and Use Committee (IACUC). A mouse model was chosen to
examine the effects of topographical and bioactive modification /n vivo, scheme 2. Four
experimental conditions were chosen to elucidate the individual and combinatorial effects
of topography and proteins: control (MTS modified), L1 (MTS modified with immobilized
L1), TNP (TNP modified), and TNP+L1 (TNP modified with immobilized L1). The control
condition is included to assess the baseline histological responses to the implants. For
acute (1 week) and chronic (4 week) histology, mice (C57-BL6) were anesthetized under
isoflurane gas (1.5%) and the surgical area sterilized with iodine solution and 70% ethanol.
The scalp was removed, and 4 probe holes spaced 2mm apart in a square configuration
were made in the left skull, between lambda and bregma. An additional hole was made

for an anchor screw to be attached. Into each animal, 1 dummy probe of each condition
was implanted 2mm deep with a stereotaxic manipulator, with the order randomized. Probe
holes were then sealed with silicone-epoxy. A skull cap was then formed with UV-curable
dental cement, and the wound was closed by suturing around the skull cap. Four animals
were implanted for each time-point, each with four electrodes, one of each experimental
condition.

Chronic Electrophysiology:

Perfusion:

For electrophysiology assessment, functional electrodes were implanted in the same manner
as above but were limited to one electrode per animal and electrodes were inserted into

the left visual cortex. Three bone screws were placed into the skull, two anterior to the
electrode, and 1 on the adjacent hemisphere to stabilize the headcap. The visual cortex was
located by measuring 1mm anterior to the lambda, and 1.5mm from the midline. A small
hole was drilled and the electrode was inserted with a stereotaxic manipulator such that

all electrode sites were in the cortex. The hole was then sealed with silicone epoxy and

the omnetic connector was stabilized by a headcap created from UV-curable dental acrylic.
Chronic data was gathered from six animals per condition.

Impedance measurements and electrophysiological recordings were performed as previously
described. [84] In brief, Impedance measurements were performed on an AutoLab
potentiostat, sampled between 32kHz and 10Hz. Electrophysiological recordings were
performed under 1% isoflurane anesthesia. The resulting data was sampled at 24,414Hz
(RX7, Tucker-Davis Technologies) prior to being analyzed under a custom MatLab script.
The data stream was filtered between 300 and 5000Hz for identification of single units.
Single unit snippets (1.2ms) were isolated by threshold crossing events greater than 3.5
standard deviations of the noise, then manually sorted based on waveform and spike timing.
Snippets were removed from the data prior to the calculation of the peak to peak noise.[6°]
Signal to noise ratio (SNR) was calculated as the mean peak to peak voltage of the greatest
single unit waveform divided by two standard deviations of the noise.

At the experimental end points, mice were deeply anesthetized with a ketamine/xylazine
cocktail and perfused with 1200mL PBS followed by 100 mL 4% PFA. The bottom of the
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skull was then removed and the brains, still attached to the upper scull, were post fixed

in 4% PFA for 4 hours. The brains were then removed from the skull, sucrose protected,
frozen, and cryosectioned. The electrodes remained attached to the skull and were removed
from the brain when the brain was separated from the upper skull. Brain slices were
rehydrated and immunostained.

Immunostaining and Histology:

Brain slices were rehydrated with PBS then blocked with 10% goat serum, following
which the brain slices were treated with 0.1% Triton-x for 45 minutes. Staining of the
brains was performed in groups consisting of NeuN (Millipore mouse 1:250), NF200
(Abcam rabbit 1:500), Iba-1 (Millipore mouse 1:500), GFAP (DAKO rabbit 1:500),

nestin (Millipore mouse 1:200), and DCX (Abcam rabbit 1:1000). A confocal microscope
(Olympus flowview-1000) was used to take fluorescent images of each of the four implanted
areas as well as the un-implanted contralateral tissue. All stained implant site images were
quantified relative to control images of the contralateral hemisphere that did not receive
implants. A subset of the data between 0 and 50um from the implant surface was plotted

in addition to the entire 225um measured area in order to evaluate significance of stained
groups immediately adjacent to the implant surface. The probes, which remained connected
to the skull after removal of the brain, were then gathered by snapping the shank proximal
to the skull. Finally, the probes were dehydrated with ethanol and hexamethyldisilazane for
SEM imaging. Particle sizes were determined by measuring width in ImageJ, then scaled to
nanometers.

Statistical Analysis:

All statistical comparisons were made with GraphPad Prism 8. Significance was defined
as *p < 0.05, **p<0.01, ***p<0.001, and ****p<0.0001. When applicable, all data is
displayed as mean + standard error. WCA and roughness measurements were gathered
from nine samples. Bound protein quantification was measured from three trials, each with
three aged smooth and rough experimental samples and three control smooth and rough
samples. Measured protein concentrations were then normalized to the control smooth
condition. Comparisons between rough and smooth substrates were made using a two-sided
student’s T-test with a Bonferroni correction, and comparisons across time were made with
a one-way ANOVA followed by Tukey’s post-hoc. Neurite outgrowth quantifications were
from 4 separate trials, each with 3 samples per condition. Multiple random images were
taken per sample and averaged prior to additional processing. Statistical significance was
determined with a two-way ANOVA and Tukey’s post hoc. Electrochemical measurements
and electrophysiological recording performance were measured from six animals per
condition and compared with two-way ANOVA and Tukey’s post hoc. The initial /n vitro
impedances were subtracted from the remaining measured impedances. Histology was
gathered from four animals per time point. Differences were determined with a one-way
ANOVA and Tukey’s post hock (Figures 4-7B,E and Figure 8B,C,E,F).
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Figure 1.

Characterization of TNP modified substrates (A) water contact angle measurement changes
during nanoparticle immobilization and surface roughness and changes in coating thickness
of the modified silicon substrate measured by ellipsometry. Values represent change in
thickness between steps. (B) SEM image of nanoparticle modified surface. Data presented as
the mean + standard error from nine trials.
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Figure 2.
Protein binding and bioactive lifetime A) Immobilization of L1 on MTS modified substrates

via GMBS crosslinking. (B) Immobilization of L1 on TNP via GMBS crosslinking. Note
that the binding mechanism of both MTS and TNP is identical. (C) Relative amounts

of L1 bound to glass substrates after incubating for 7 or 28 days at 37°C in PBS, n=9

with significance between timepoints determined with one-way ANOVA with Tukey’s post
hoc. Significance between groups was determined with Student’s t-test with a Bonferroni
correction. (D) fluorescence images of b(l11)-tubulin stained neuron cultures grown on
freshly prepared L1 modified substrates and L1 modified substrates aged for 28 days. (E)
Neurite outgrowth on smooth, rough, and protein modified substrates. (F) Quantified neurite
outgrowth normalized to their respective non-protein modified surfaces. Data presented as
the mean + standard error from n=12 trials. Statistical significance was determined with a
two-way ANOVA and Tukey’s post hoc **p<0.01 ***p<0.001 ****p<0.0001.
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Figure 3.

Recording performance. (A) Impedance measurements normalized to the pristine electrode
(before surface modification). The second data point indicates the change in impedance
after modification. (B) Single unit yield (C) SNR, and (D) noise measured over the first

four weeks of recording. When compared across all time points, yield (B) was significantly
higher for the TNP+L1 modified electrodes. Data presented as the mean + standard error
from six animals (one probe with 16 electrode sites per animal) Significance was determined
with two-way ANOVA with Tukey’s post hoc *p<0.05, **p<0.01, ***p<0.001. (E) Sample
neural recording traces from a TNP+L1 electrode after 4 weeks, filtered between 300 and
5,000Hz.
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Figure 4.

Quantification of neural cell bodies. Values are scaled to contralateral tissues, where the
relative intensity is 1. (A,D) Representative images of NeuN stained tissue slices after

1 week or 4 weeks of implantation, respectively. (B,E) Quantification of NeuN positive
cells up to 100um from the implant surface for 1- and 4-week implantation, respectively.
(C,F) Relative cell density as a function of distance from the electrode for 1- and 4-week
implants, respectively. Data presented as the mean + standard error from four animals

per timepoint. Significance was determined with one-way ANOVA with Tukey’s post hoc
*p<0.05 **p<0.01. Scale bar is 100um
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Quantification of axons. Values are scaled to contralateral tissues, where the relative
intensity is 1 (A,D) Representative images of NF-200 stained tissue slices after 1 week

or 4 weeks of implantation, respectively. (B,E) Quantification of NF200 staining intensity
up to 100um from the implant surface for 1- and 4-week implantation, respectively. (C,F)
Relative intensity as a function of distance from the electrode for 1- and 4-week implants,
respectively. Data presented as the mean + standard error from four animals per timepoint
Significance was determined with one-way ANOVA with Tukey’s post hoc *p<0.05. Scale

bar is 100um
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Quantification of microglia. Values are scaled to contralateral tissues, where the relative
intensity is 1 (A,D) Representative images of Iba-1 stained tissue slices after 1 week or

4 weeks of implantation, respectively. (B,E) Quantification of Iba-1 staining intensity up
to 100um from the implant surface for 1- and 4-week implantation, respectively. (C,F)
Relative intensity as a function of distance from the electrode for 1- and 4-week implants,
respectively. Data presented as the mean + standard error from four animals per timepoint.
Significance was determined with one-way ANOVA with Tukey’s post hoc *p<0.05,

****p<0.0001. Scale bar is 100pum
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Figure 7.
Quantification of astrocytes. Values are scaled to contralateral tissues, where the relative

intensity is 1 (A,D) Representative images of GFAP stained tissue slices after 1 week

or 4 weeks of implantation, respectively. (B,E) Quantification of GFAP staining intensity
up to 100pum from the implant surface for 1- and 4-week implantation, respectively.

(C,F) Relative intensity as a function of distance from the electrode for 1- and 4-week
implants, respectively. Data presented as the mean + standard error from four animals

per timepoint. Significance was determined with one-way ANOVA with Tukey’s post hoc
*p<0.05 **p<0.01. Scale bar is 100um
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Figure 8.
Examination of the origin of local neurons. (A,D) Representative images of nestin (green)

and DCX (red) stained tissue slices after 1 week or 4 weeks of implantation, respectively.
(B,E) Quantification of nestin staining intensity up to 100um from the implant surface for
1- and 4-week implantation, respectively. (C,F) Quantification of NDCX staining intensity
up to 100um from the implant surface for 1- and 4-week implantation, respectively. Data
presented as the mean + standard error from four animals per timepoint. Significance was
determined with one-way ANOVA with Tukey’s post hoc *p<0.05 **p<0.01, ***p<0.001.
Scale bar is 100pum
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Figure.
Explant analysis. (A) SEM image of explanted nanoparticle modified electrode taken

near the skull. (B) Nanoparticle modified electrode with biological materials attached.
Nanoparticle topography can still be observed underneath the biological film. (C) Biofouling
was also present on electrodes without TNP. (D) Enlarged region indicated by the red box in

(B).
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Scheme 1:

Nanoparticle immobilization. 1) Silicon substrates were first cleaned then activated with

02 plasma. 2) The activated substrate was then silanized with APTES, producing an amine
functionalized surface. 3) The anime groups were then reacted with GMBS, displacing

the oxy-succinimide group, leaving the maleimide group. 4) TNP were then bound to the
maleimide group via thiol-ene click chemistry. Additional bonds between TNP may form via
disulfide bridging.
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Scheme 2.
In vivo histology experimental setup. Mice were implanted with 4 probes consisting of a

control, unmodified electrode, an L1 modified electrode, a TNP modified electrode, and a
TNP+L1 modified electrode. An anchor screw was placed over the right hemisphere to aid
in stabilizing the dental cement headcap. Animals were then perfused at 1- or 4-weeks post
implantation. Brain tissue was collected for immunostaining, while the explanted electrodes
were examined under SEM. Included is a pre-implant SEM image of a TNP modified
electrode and a high magnification image of the same electrode
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