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Abstract

Objective—The mechanisms underlying intracortical microelectrode encapsulation and failure
are not well understood. A leading hypothesis implicates the role of the mechanical mismatch
between rigid implant materials and the much softer brain tissue. Previous work has established
the benefits of compliant materials on reducing early neuroinflammatory events. However, recent
studies established late onset of a disease-like neurodegenerative state.

Approach—In this study, we implanted mechanically-adaptive materials, which are initially
rigid but become compliant after implantation, to investigate the long-term chronic
neuroinflammatory response to compliant intracortical microelectrodes.

Main results—Three days after implantation, during the acute healing phase of the response, the
tissue response to the compliant implants was statistically similar to that of chemically matched
stiff implants with much higher rigidity. However, at two, eight, and sixteen weeks post-
implantation in the rat cortex, the compliant implants demonstrated a significantly reduced
neuroinflammatory response when compared to stiff reference materials. Chronically implanted
compliant materials also exhibited a more stable blood-brain barrier than the stiff reference
materials.

Significance—Overall, the data show strikingly that mechanically-compliant intracortical
implants can reduce the neuroinflammatory response in comparison to stiffer systems.
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1. Introduction

Intracortical microelectrodes that provide an electrical interface to the brain are potentially
useful to achieve command, control, and feedback in numerous clinical applications.
However, the clinical use of such devices is limited due to their inability to consistently
record neural signals for extended periods (1). One of the main reasons for device failure is
the body’s natural inflammatory response directed against the implanted foreign object. In
order to prevent inflammation and subsequent implant failure, engineers have designed
devices with new architectures, bioactive coatings, or from alternative materials (2). Each of
these approaches has demonstrated a clear short-term improvement in the
neuroinflammatory response to implanted intracortical microelectrodes.

However, a disconnect remains between the time course in the neuroinflammatory response
and failure in the ability to record neuronal action potentials (1, 3, 4). Two primary
hypotheses have been presented to explain this temporal disconnect. The first is that
recording inconsistencies are due to mechanical failure of the devices themselves (1, 5).
However, a number of mechanical failure modes can be attributed to the reactive
inflammatory environment, including oxidation and corrosion of the device (6, 7).
Additionally, a majority of the studies examining the neuroinflammatory response to
intracortical microelectrodes have been limited to timeframes of at most eight to twelve
weeks post-implantation.

In an attempt to find a direct correlation between neural inflammation and device failure,
several groups have begun exploring longer time points (for example, 16 weeks). Longer
studies have resulted in the second leading hypothesis — the development of a late-onset,
secondary neurodegenerative, disease-like state at the neural tissue-device interface (8).
Specifically, some of us have observed that neuronal populations around traditional, rigid
silicon implants were greatly reduced early after implantation, show a mid-term recovery,
which is however followed by another decline (8). To date, it is unclear if, or when, the
response stabilizes.

In previous studies, we have demonstrated that the mechanical mismatch between current
neural devices and neural tissue is a significant contributor to the neuroinflammatory
response (9, 10). We employed a new family of mechanically-adaptive nanocomposites,
which change their mechanical properties from a rigid to a compliant state in less than 5
minutes after implantation (11, 12). The mechanically-adaptive nanocomposites were
designed to support functional microelectrode components and enable implantation of
highly compliant microelectrodes (13). For the application at hand, we developed materials
that are initially stiff (tensile storage modulus E’ ~5 GPa) to enable insertion into the brain
tissue and then soften after implantation upon exposure to physiological conditions (E’~12
MPa) to more closely match the mechanical characteristics of the brain tissue (11, 14).
Initial histological evaluations of these materials demonstrated that at four weeks post-
implantation, compliant implants more rapidly stabilize neural cell populations at the device
interface than rigid, non-dynamic microwire implants (9). However, in the light of our
recent findings that the neuroinflammatory response to intracortical microelectrodes
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fluctuates with time, we considered it important to extend our understanding of the
neuroinflammatory response to compliant intracortical microelectrodes, particularly looking
at time points corresponding to both early and late-onset neurodegeneration. Thus, we report
herein on the acute and chronic inflammatory response of mechanically-adaptive neural
interfaces and show significant differences to traditional rigid materials.

2. Materials and Methods

2.1 Intracortical Implants

For in vivo experiments, two different implants were used: (1) stiff poly(vinyl acetate)-
coated silicon implants; and (2) mechanically-adaptive poly(vinyl acetate) / tunicate
cellulose nanocrystal (tCNC) nanocomposites (NC), which become compliant after
implantation. Single shank “Michigan” type silicon probes were fabricated in-house to a
thickness of 15 um, a length of 2 mm, and a shank width of 123 um. PVVAc-coated silicon
implants (1) were created by dipcoating such silicon implants in a solution of PVAc in hot
toluene (10% wi/w at 70°C). Implants were dipped in succession twice, allowed to dry for 30
minutes to deposit a PVAc surface layer with a thickness of ~15 +/- 5 um (Fig. 1). The
thickness of the PVAc surface layer was determined using stylus profilometry (KLA-Tencor
P-2 Long Scan Profilometer) at a scan rate of 50 pm/sec and stylus force of 12 mN. NC
implants (2) were created by casting films from a solution of poly(vinyl acetate) (PVAc) and
tCNC in dimethylformamide, as previously reported (11, 14). The NC had a tCNC content
of 15% wi/w. The resulting films were custom molded between sheets in a hot press (Carver,
Wabash, IN). NC implants were then fabricated by laser-micromachining with a direct-write
COy, laser (VLS 3.5, Versal aser) to a thickness of ~63 um, a length of 2 mm, and a shank
width of 130-140 um (13). All implants were ethylene oxide sterilized with the exception of
sixteen week implants, which were UV sterilized before implantation. Previous work has
established that sterilization method does not affect the inflammatory response at chronic
time points (15).

2.2 Strain Field Modeling

To further understand the impact of varying implant stiffness and structural compliance on
the surrounding brain tissue we developed a 3D finite-element model to simulate interfacial
strains induced by brain micromotion as described previously (16, 17). All models were
developed using COMSOL Multiphysics (COMSOL, Inc. Burlington, MA). In brief, the
developed models consisted of two components: a single probe shank (modeled after each of
the implants described above) and a surrounding brain tissue block. Taking advantage of
symmetries in the model architecture only one quarter of the implanted region was modeled
to facilitate visualization of the induced primary strains in the surrounding tissue. Brain
tissue was approximated as linearly elastic with isotropic material properties as described by
Taylor and Miller (18). The impact of a tangential tethering force on an implant fixed to the
skull was simulated by applying a 20 um displacement to the upper surface of the probe’s
shank.

The tensile storage modulus of silicon is between 130 and 185 GPa, while the tensile storage
modulus of the NC is 5.2 GPa pre-insertion, and 12.7 MPa after insertion (11, 14). The NC
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swells ~70% by volume under physiological conditions. Neat PVAc exhibits a tensile
storage modulus of ~1.8 GPa pre-insertion, and ~1-12 MPa after insertion, and swells ~ 3—
5% by volume when exposed to physiological conditions (14). Therefore, based on the law
of mixtures for thin film composites (19), the composite modulus for the PV Ac-coated
silicon implants is between 49 and 78 GPa, i.e., significantly higher than that of the
mechanically-adaptive nanocomposite in the compliant (post-insertion) state.

2.3 Animal Surgery

Surgical procedures for device implantation closely followed an established protocol, with
only minor changes (8, 20, 21). Briefly, twenty-six male Sprague Dawley rats (250 — 300
grams) (Charles River, Spencerville, OH) received implants and were euthanized after three
days or two, eight, or sixteen weeks. Eight additional animals were used as age-matched
sham controls and did not undergo implantation surgery. Prior to surgery, animals were
anesthetized with ketamine (80 mg/kg) and xylazine (10 mg/kg) administered
intraperitoneally (IP). Once anesthetized, the surgical area was shaved, and then the animal
was mounted on a stereotaxic frame and maintained on isofluorane (0.5-2%). A single
injection of local anesthetic, Marcaine (0.5%), was administered below the incision site
subcutaneously (SQ), then the surgical area was scrubbed with betadine and 70%
isopropanol for sterilization. Animal body temperature was maintained on a circulating
water pad and vitals were monitored using a blood-oxygen and heart rate measurement
system (PulseSense, Nonin Medical, Inc,).

For implantation, a one-inch incision was made at midline using a scalpel and the skull was
exposed. The surrounding tissue was retracted and a 3 mm hole was created in the skull,
manually, using a biopsy punch (P/N #536, PSS Select), approximately 3 mm lateral to
midline and 4 mm caudal to bregma. Then the dura was reflected using a 45 degree dura
pick. Animals received a PVAc-coated silicon implant in one hemisphere and a NC implant
in the contralateral hemisphere (n=5-7 for each time point), randomizing which implants
were on each side. Implants are assumed to be independent of each other, as glial scarring
has been demonstrated to extend up to 600 um from the microelectrode/cortical tissue
interface, without affecting the contralateral hemisphere (22, 23). All implants were inserted
approximately 2 mm deep into the cortical tissue by hand. Implants were implanted
perpendicular to the surface of the brain, to minimize the footprint of tissue damage, while
avoiding larger vasculature. Following implantation, implants were tethered to the skull
using Kwik-sil (World Precision Instruments) and UV-cured dental acrylic (Fusio- liquid
dentin, Pentron Clinical) over the surgical area and skull. The incision was then closed with
5-0 monofilament polypropylene suture (Henry Schein) and a triple antibiotic ointment was
applied to the incision. Once the animal woke from anesthesia, meloxicam (5 mg/kg, SQ)
and cefazolin (16 mg/kg, SQ) were administered for potential pain and to prevent infection.
Surgical procedures and animal care practices were performed in accordance with the Louis
Stokes Cleveland Department of Veterans Affairs and Case Western Reserve University
Institutional Animal Care and Use Committees (IACUC).
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2.4 Tissue Processing

At three days, and two, eight and sixteen weeks post-implantation, animals were
anesthetized using a mixture of ketamine (80 mg/kg) and xylazine (10 mg/kg) given IP.
Each animal was perfused transcardially with 1X Phosphate Buffer Saline (PBS, Invitrogen)
until the exudate was clear and then fixed with 10% formalin (~300 mL, VWR). The brain
was carefully removed, placed in fresh 10% formalin and stored at 4° C until sectioning.
Prior to sectioning, the tissue was cryoprotected in a step-wise gradient of 10%—20%—-30%
sucrose (Sigma) in 1X PBS at 4° C, until equilibrium was reached at each step. After
equilibration in 30% sucrose, implants were removed from the brain tissue with forceps, and
the tissue was frozen at —80° C in optimal cutting temperature compound (Tissue-Tek),
sliced axially in 20 um sections at —25°C, and mounted on slides to be stored at —80° C until
immunohistochemical labeling.

2.5 Immunohistochemistry

Prior to immunolabeling, the tissue was removed from —80° C and equilibrated to room
temperature in a humidity chamber to prevent tissue-drying. Optimal cutting temperature
compound was removed with three washes in 1X PBS and then re-hydrated in 1X PBS
containing 0.1% Triton-X 100 (Sigma) (1X PBS-T) for 15 minutes. Tissue was blocked for
one hour at room temperature in goat serum blocking buffer (4% v/v serum (Invitrogen),
0.3% v/v Triton-X 100, 0.1% w/v sodium azide (Sigma)). Then, the tissue was incubated in
primary antibody diluted in goat serum blocking buffer overnight at 4°C. Primary antibodies
used were: mouse anti-neuronal nuclei (NeuN) (1:250, Millipore) for neurons, mouse anti-
glial fibrillary acidic protein (GFAP) (1:500, Invitrogen) for astrocytes, rabbit anti-lbal
(1:250, Wako) for all microglia/macrophages, mouse anti-CD68 (ED1) (1:100, Chemicon)
for activated microglia/macrophages, and rabbit anti-immunoglobulin G (1gG) (1:100, AbD
Serotec) for blood brain barrier permeability. After eighteen hours, the tissue was washed
six times (5 minutes per wash) in 1X PBS-T, then stained for two hours at room temperature
with appropriate Alexa Fluor conjugated secondary antibodies (diluted 1:1000 in blocking
buffer) and counterstained with 4’,6-diamidino-2-phenylindole (DAPI) to mark total cell
nuclei. The tissue was washed another six times (5 minutes per wash) in 1X PBS-T, then
tissue autofluorescence was removed with a ten minute incubation in 0.5 mM copper sulfate
buffer (50 mM Ammonium Acetate, pH 5.0) (Sigma) (20). Samples were rinsed with
distilled water and mounted with Fluoromount-G (Southern Biotech).

Immunolabeled slides were imaged using a 10X objective on an AxioObserver Z1 (Zeiss,
Inc.) and AxioCam MRm (Zeiss Inc.). For a larger field of view, without compromising
resolution, mosaic images were obtained by stitching sixteen 10X images together using
MosaiX software (Zeiss, Inc.). Exposure times were held constant for each respective
cellular marker analyzed. Following acquisition, unaltered, linearized images were
converted to 16-bit tagged imaging files (TIFs) using Axiovision LE (Zeiss Inc.) for
minimal image compression to allow for optimal intensity analysis. For clarity in
presentation only, images in this report have been pseudo-colored and slightly enhanced to
improve visual display.
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2.6 Quantitative Analysis

Following image acquisition, the images were converted to tagged imaging files (T1Fs) for
intensity analysis. All images except for NeuN were analyzed using MINUTE, a custom
MATLAB program developed to analyze fluorescent intensity profiles around the implant
(20). Briefly, the implant hole was manually defined for each image from the bright field
image. Note, this method does not account for any small amount of tissue that may be
removed with the explanted implant. The program then quantified the fluorescent intensity
in 2 um bins of expanding concentric circles around the implant hole up to 1500 pm away (0
um is defined as the edge of the hole). Raw fluorescent intensities were normalized to
background, defined as average intensity in the radii between 1000 to 1050 pm from the
interface. Normalized fluorescent intensity profiles were obtained for each tissue section.
After normalization, for statistical comparisons of each stain for the different implants, the
area under the curve from 0 to 50, 50 to 100, 100 to 150, and 150 to 200 pum were obtained
using MATLAB.

To quantify neuron populations around the implant site, the implant hole was manually
defined and then expanding concentric circles up to 600 um from the interface were defined
for each NeuN image in Adobe Photoshop. The number of neurons in each ring was
manually counted to obtain the number of neurons per area for each radial distance. Neuron
counts were converted to percent to sham background by normalizing to neuron counts from
age-matched sham animals at each respective time point.

2.7 Statistical Analysis

3. Results

For statistical analysis, the area under the curve for all stains (except for NeuN) was used.
For NeuN, the number of neurons per area was used for analysis. Statistical analyses were
run using a general linear ANOVA model in Minitab 16 (Minitab Inc.) to allow for
comparisons between the different implants. For significance, Tukey post-hoc tests were run
for pairwise comparison and significance defined as p<0.05. For each animal, 6 images
across the entire length of the implant were analyzed per stain; two from the top of the
implant, two from the middle of the implant, and two from the tip of the implant. Therefore,
with 5-7 animals per time point, 30-42 slices were imaged per stain. All images were then
treated as an independent measurement and averaged with the entire group of images from a
single cohort.

In a comparative study, two implant types that serve as models for intracortical
microelectrodes were implanted into the cortex of age-matched male rats. In order to
investigate the role of material stiffness on tissue compliance-induced neuroinflammation,
two types of implants were employed: 1) a polymer-coated silicon implant (PVVAc-coated),
designed to have a bulk stiffness close to the silicon implant and a surface chemistry that is
matched to the nanocomposite; and 2) a compliant mechanically-adaptive polymer
nanocomposite. Since the two implants are chemically matched, we will focus our
nomenclature on the defining properties of each implant. Therefore, P\VAc-coated implants
will be referred to as “stiff” and NC implants will be referred to as “compliant.” It is
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important to note that stress on surrounding tissue can be affected by various implant design
parameters to reduce material compliance, such as modulus, size, or porosity. Therefore,
here, we consciously utilize the term “compliant” instead of “soft” implant.

3.1 Finite Element Analysis of Tissue Strain

To better understand the influence of the varying stiffness within our two types of implants,
we used a 3D finite element model to predict micromotion-induced strains surrounding our
objects. The impact of a tangential tethering force on an implant fixed to the skull was
simulated by applying a 20 um displacement to the upper surface of the probes shank. The
predictions made on this basis are shown in Fig. 2. Simulated micromotion surrounding
tethered silicon devices with and without PVAc coating resulted in elevated strains both at
the tip and at the sharp edges of the probe track in the tissue. The comparison predicts that
nearly identical strain fields are exerted on the cortical tissue for both the bare silicon and
silicon implants with a thin PVAc coating. Unlike previous models that examined a smaller
total deflection (16), our model predicts that the greatest induced strain would be near the
surface of the cortex rather than at the implants tip. When simulating the nanocomposite
implant in the stiff state, it behaves similarly to the bare silicon and PV Ac-coated silicon
implants. By contrast, the model predicts that the nanocomposite implant in the compliant
soft state behaves more like a (hypothetical) implant whose modulus matches that of the
brain and induces considerably less strain on the surrounding tissue throughout all depths of
the cortex.

3.2 Neuronal Nuclei

Theoretical modeling has suggested that neuronal cell bodies must be within the first 50 to
140 pm of the intracortical microelectrode in order to maintain recordings of action
potentials from individual neurons (24). To quantify the number of neurons around the
implants, we utilized the NeuN antibody, which selectively stains for neuronal nuclei (25).
Representative fluorescence microscopy images of NeuN stained tissue can be found in Fig.
3. Each image corresponds to either the stiff (Fig. 3A,C,E,G) or the compliant (Fig.
3B,D,F,H) implant. The number of neurons per area was determined at regular intervals up
to 600 um from the material/tissue interface. The percent to sham was reported after
normalizing the neuron counts to those of age-matched sham animals. At three days post-
implantation, both implants exhibited significant neuronal loss compared to age-matched
sham animals, up to 300 pm and 600 pm away from the implant for stiff and compliant
implants, respectively. Further, there were no significant differences seen between the stiff
and compliant implants (Fig. 3A-B,1). By two weeks, loss of neurons was indicated up to
200 pm from stiff implants compared to sham animals. However, neuronal densities were
indistinguishable from sham tissue within only 50 um from the surface of the compliant
implant. Comparing the two implants, significant improvements in neuronal populations
surrounding the compliant implant were seen between 50 and 200 pm from the implant
surfaces (Fig. 3C-D,J). However, the neuron densities around the compliant implants
remained comparable to the two week time point at eight weeks post-implantation.
Significant difference between implant types at two weeks shifted to tissue volumes further
from the implant surface (from 100-300 um from implant surface at eight weeks post-
implantation, Fig. 3E-F,K). Compared to age-matched sham animals, the stiff implants
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demonstrated significant neuron loss up to 200 um from the implant-tissue interface, while
the compliant implants fully recovered to native levels by 100 um. Most importantly, by
sixteen weeks post-implantation, no neuronal loss was detected for the tissue surrounding
the compliant implant, regardless of the distance from the implant. However, the stiff
implants revealed appreciable neuronal loss in the most critical area within 50 um from the
implant surface, compared to both sham tissue and tissue surrounding compliant implants
(Fig. 3G-H, L).

3.3 Glial Cell Markers

3.3.1 Astrocytes—Immunolabelling for GFAP was used to monitor both immature and
mature resting or activated astrocytes (26). At three days post-implantation no appreciable
glial scarring can be discerned (Fig. 4A-B,I), regardless of the type of implant. However, at
all subsequent time points, immunostaining for GFAP showed a dense astrocytic scar around
both the stiff and compliant implants (Fig. 4C-H, J-L). At two and eight weeks post-
implantation, elevated levels of GFAP+ scarring around the stiff implant extended to a
distance of ~500 pm away from the implant before the background levels were reached (Fig.
4C-F,J-K). By contrast, scarring around the compliant implant was contained to an area
within a radius of 50 um surrounding the implant. Significantly less GFAP expression was
detected beyond 50 pm from the implant surface for compliant implants, compared to
chemically matched stiff implants (Fig. 4C-F,J-K). By sixteen weeks, GFAP expression
decreased for both implants (Fig. 4G-H,L). However, the normalized fluorescence intensity
around the compliant implant still remained significantly lower than around the stiff implant
in the area 0-100 pm away from the implantation site.

3.3.2 Microglia/Macrophages—Microglia/macrophages are a major component of the
innate immune response in the CNS. Microglia/macrophage-released inflammatory factors
sustain the innate immune/inflammatory response and recruit additional cell types.
Therefore, we also investigated the spatial expression of all microglia and macrophages at
the implant/tissue interface. The ionized calcium binding adapter molecule (Ibal) is a cell-
surface marker for both resting and activated microglia/macrophages (27).

At three days post-implantation, increased Ibal+ immunoreactivity was observed out to a
distance of 1 mm away from the implantation site (Fig. 5A-B,1). This could be due to either
increased cell number or cellular activation causing up-regulation of Ibal (27). The
microglia/macrophages condensed around the implants by two weeks post-implantation
(Fig. 5C-D,J). For both 3 days and 2 weeks post-implantation, no significant differences
were seen between the stiff and compliant implants. However, eight weeks post
implantation, the accumulation of microglia/macrophages around the compliant implants has
become significantly more compact, as noted by a significant decrease in Ibal+ staining in
the area between 50 to 150 pm away from the implant (Fig. 5SE-F,K). Sixteen weeks post-
implantation, an intense, circular zone of upregulated Ibal immunoreactivity was observed
around the stiff implant, whereas implant-mediated up-regulation of IBA1+ cells subsided to
native levels and very little accumulation of microglia and macrophages were present
around the compliant implant (Fig. 5G—H). Normalized average intensity profiles depict a
higher peak intensity and broader distribution of Ibal+ immunoreactivity for the stiff
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implants compared to the minimally up-regulated expression surrounding the mechanically
compliant implant (Fig. 5L). Notably, after sixteen weeks, quantification of the Ibal
expression levels for the two conditions were significantly different over a distance of 75 um
from the implant, where a much larger distribution was seen in stiff implants than for
compliant implants.

While Ibal labels both resting and activated microglia/macrophages, CD68 is more
regularly used to identify activated microglia/macrophages. CD68 is a cytoplasmic antigen
found in the lysosomal compartment of activated microglia and macrophages (28). As seen
with the Ibal staining, at three days post-implantation there was activation of microglia/
macrophages around both implants up to a distance of 1 mm away from the implantation site
with no significant difference between implant types (Fig. 6A-B, I). However, after two
weeks, the distribution of CD68+ immunoreactivity was more compact for both implants.
Furthermore, there was a significant decrease in CD68+ staining surrounding the compliant
implants in the area 0-100 pm away from the implant (Fig. 6C-D,J). At eight weeks post-
implantation, there was a large drop in CD68+ staining surrounding both implants (Fig. 6E-
F,K). However, there was significantly less CD68+ staining surrounding the compliant
implant in the range 50-200 pum from the implantation site, suggesting a broader CD68+ cell
distribution around the stiff implants. Representative images of CD68+ staining after sixteen
weeks show very little microglia/macrophage activation at either interface (Fig. 6G—H).
However, normalized intensity profiles do exhibit significantly more CD68 immunostaining
at distances 0 to 50 pm away from the implant for the stiff material compared to the
compliant implant (Fig. 6L). Further, the mechanically compliant implant lacked any
appreciable presence of activated microglia or macrophages at the implant/tissue interface.
Contrary, the stiff implant was accompanied by persistently activated microglia and
macrophages at sixteen weeks post-implantation.

3.4 Blood Brain Barrier Integrity (IgG)

Insertion of the implant into the cortex causes blood brain barrier (BBB) damage and
leakage of blood-derived cells and serum proteins into the cortical tissue. Additionally,
inflammatory events, resulting from neurological disease or device implantation, can cause
the BBB to remain open (29). The integrity of the BBB can be correlated to the amount of
1gG present within the surrounding tissue (30, 31). Note that sodium fluorescein or Evans
Blue albumin staining were not considered for this study as alternatives to 1gG staining.
While both have been shown to be valuable markers for blood-brain barrier permeability
(32), either method limits the utility of the tissue for further histological evaluation, and
typically requires additional dedicated animals. Therefore, to investigate BBB integrity, the
amount of 1gG present at the implant site was examined. Three days post implantation, the
IgG accumulation around both implants is comparable, extending up to 1 mm away from the
implantation site (Fig. 7A-B,1). After two weeks, there is a large increase in 1gG present
around the implant for both compliant and stiff implant types. However, there is
significantly more accumulation of IgG around the stiff implant in the range of 100-500 pm
away from the implantation site (Fig. 7C-D,J), compared to the compliant implant. After
eight weeks, the integrity of the BBB is partially reestablished. 1gG infiltration is reduced
for both implants with the stiff implants still maintaining higher 1gG levels in the range 100-
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500 um away from the implantation site (Fig. 7E-F,K). Representative fluorescence
microscopy images of stained tissue showing IgG infiltration sixteen weeks post
implantation reveal that the stiff implants prevented the complete healing of the BBB, as
indicated by the diffuse, intense IgG staining of the tissue surrounding the implant surface
(Fig. 7G). On the other hand, the mechanically compliant implants show significantly less
deterioration of the BBB integrity (reduced 1gG detection) around the implant site sixteen
weeks post-implantation (Fig. 7H). Further, the stiff implants had a much higher peak
intensity and broader infiltration of IgG into the brain tissue (300 um) in comparison to the
much softer compliant implant (p<0.001) (Fig. 7L).

Discussion

The base materials used for traditional microelectrodes are significantly stiffer and less
compliant than cortical tissue (Fig. 2). Starting with Goldstein and Salcman’s work in 1973,
several groups have suggested that motion of the brain with respect to the microelectrode
may induce damage to the surrounding tissue (9, 10, 16, 33-36). Recently, Moshayedi et al.
reported that astrocytes and microglia respond to surface stiffness and under acute
conditions show enhanced foreign body response to stiff implants (37). Therefore, this study
was designed to investigate the temporal effects of the stiffness of the microelectrode
implant on the neurodegenerative inflammatory response. In order to keep the study as
simple as possible, experiments were not conducted with functional microelectrodes, but
with simple shanks made from base materials with different properties.

Utilizing the same nanocomposite materials as we present here, we previously demonstrated
in an initial study that at four weeks post-implantation, neuronal densities were higher
surrounding compliant implants than stiff microwires (9). However, the beneficial effects of
material modulus appeared to depreciate by eight weeks post-implantation. While these
results may indicate that mechanical mismatch has limited effects on the chronic
inflammatory response, the Tresco lab has observed that microwire implants produce a
reduced inflammatory response compared to Michigan-style implants (38). Previous work
also has indicated that mechanics and architecture can each independently manipulate the
inflammatory response (31, 39-41). Additionally, we have previously reported that rigid
silicon implants show a mid-term recovery phase in neuron densities (8). Therefore, the lack
of difference at eight weeks may be due to differences in implant architecture, or a recovery
phase.

To verify this interpretation, we here undertook a comprehensive evaluation of the
neuroinflammatory response to nanocomposite implants using Michigan-style controls. In
order to investigate the role that implant compliance has on the neuroinflammatory response,
implants fabricated from a previously reported mechanically adaptive material, which
becomes compliant upon exposure to physiological conditions, were implanted into the
cortex of rats for three days, two weeks, eight weeks or sixteen weeks. PVAc-coated silicon
microelectrodes were implanted in the contralateral hemisphere to serve as a stiff control
with a chemically-matched surface. Findings from this study demonstrate that mechanically
compliant intracortical implants elicit a reduced neuroinflammatory response, resulting in
significantly less neurodegeneration and a more robust BBB than chemically matched stiff
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implants at two, eight, and sixteen weeks, but not 3 days post-implantation. Interestingly, in
contrast to our previous initial study, few statistically significant differences were observed
between compliant and stiff PVAc implants at early time points. Additionally, various
differences in glial scar immunoreactivity between this study and the initial study were
observed at eight weeks post-implantation. These discrepancies could be due to differences
in the controls, surgical procedures, analysis methods, or other factors. Several groups have
been working to overcome such potential inconsistencies by creating standardized
techniques. Unfortunately, a consensus on methodology has not been reached by the field.
Therefore, the discussion here will focus on placing the current results into context. The
authors also note that the compliant implants had larger dimensions than the stiff controls
due to fabrication limitations of the polymer nanocomposite materials. However, despite this
difference in size, the compliant implants still significantly reduced neuroinflammatory
events.

A leading hypothesis for the loss of electrical contact with implanted microelectrodes is the
decrease in viability of neuron populations around the implant. Therefore, we first
investigated the neuron density around each implant to determine if there was a benefit to
using a softer, more compliant implant on neuronal survival. Glial scarring has been
demonstrated to extend beyond 600 um from the microelectrode/cortical tissue interface
(22). However, neuronal “die back’ is typically understood to extend only a few hundred
micrometers or less away from the implant (42—-44). Compared to age-matched sham
animals, stiff implants exhibit significant reduction in neuron densities at all of the time
points investigated (Fig. 3, #p<0.05). The loss of neurons surrounding the implant may
indicate neurodegeneration or mechanical movement of the cells. At three days post-
implantation, both the compliant and stiff fail to demonstrate statistically different neuronal
populations when compared to each other. However, neuronal dieback extends out 300 pm
further (to 600 pm) for the stiff implants than for the compliant implants. The increased
tissue volume in which significant neurons densities are lost for stiff implants suggests that
the compliance of the implant plays a role in neuronal loss, even during the acute phases of
wound healing. However, our results further suggest that at such acute time points, the
mechanics of the implant may not be able to completely abolish neuronal loss around the
devices.

Starting at 2 weeks post-implantation, the compliant implants exhibited increased neuronal
populations compared to their stiff counterparts. While at two and eights week neuronal
populations gradually increased surrounding both implants, the number of neurons around
the compliant implants improved significantly compared to the stiff implants, starting at two
weeks. Additionally, after sixteen weeks, examination of neuron populations surrounding
the two probes indicated a significant advantage of the mechanically compliant implant
within the first 50 um from the implant. Only the compliant implant supported full recovery
of neuronal populations near the implant surface, which is critical to obtain single unit
recordings (24).

Next, we investigated the primary markers of the glial scar, known to rapidly encapsulate
implanted microelectrodes (1-3, 45). Astrocytes form a major component of the glial scar
around the electrode. This cellular encapsulation can result in increased impedance around
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the electrode, making recordings more difficult to maintain (46). However, some glial scar
formation is desirable to stabilize and anchor the electrode in the brain (17). Additionally,
microglia/macrophages mediate the inflammatory and immune response to minimize
bacterial/viral invaders (47), as well as infiltrating blood proteins within the CNS (48).
Therefore, many studies of the tissue response to intracortical electrodes have focused on
microglia/macrophage activation in response to indwelling implants (2).

Like NeuN staining, the quantified intensity of GFAP, Ibal, and CDG68 stained tissue around
the implant was the same for both implants at three days post-implantation (Fig. 4-6, A,B,I).
Similarities in the acute inflammatory responses to both implants suggest that wound
healing events may dominate the tissue reaction at this early time point. Much is known
about the role of early wound healing events in injury and other device implantation models
(49, 50). However, when considering intracortical microelectrodes, comparably few studies
have explored the early wound healing events after implantation (51). The majority of what
is known about the brain’s response to implanted microelectrodes comes from end-point
histological studies focused on later time points that range from ~1-24 weeks post-
implantation. However, Biran et al. compared various markers of neuroinflammation in
chronically implanted animals to animals that received only a stab wound injury (52). The
authors found that chronic neuroinflammation does not accompany stab wound injuries
made with identical recording devices. Therefore, the lack of difference in the
neurodegenerative and neuroinflammatory response at three days post-implantation is
somewhat expected.

By two weeks, the GFAP+ staining surrounding compliant implants is significantly less
dense than that displayed in the tissue surrounding stiff control implants. Increased
astrocytic reactivity around stiff implants, which are predicted to have increased tissue
strain, are consistent with findings from Biran et al. Biran controlled tissue strain through
the comparison of a tethered versus untethered electrode and established the connection
between increased tissue strain and increased tissue reactivity (42). Therefore, our results
also suggest that decreased prevalence of an astrocyte-rich glial scar may be a consequence
of the mechanically compliant implants producing less strain on the tissue. Similarly, at later
time points, the glial scarring around the compliant implant has lower peak intensity and is
more compact. Interestingly, there appears to be a spatial relationship between the ranges of
increased neuronal populations and decreased glial scarring surrounding the compliant
implants. Specifically, the glial scar peaks until about 100 um away from the compliant at
two and eight weeks post-implantation, which corresponds to regions where the compliant
implant also preserves significantly higher neuronal densities. Together, the decreased glial
scarring and increased neuronal populations surrounding compliant implants promises to
prevent increased impedance often associated with more stiff implants, thus allowing for
improved neural recordings from the increased population of remaining neurons.

Our assessment of microglia/macrophages around the compliant implant showed reduced
Ibal (all microglia/macrophages) (Fig. 5) and CD68 (activated microglia/macrophages)
immunoreactivity (Fig. 6) compared to the stiff implants beginning two weeks post-
implantation. While at two weeks there is no difference in total microglia/macrophages,
there is a significant increase in the activation of microglia/macrophages (Fig. 6, C-D)
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surrounding the stiff implant. This suggests that material modulus may affect the activation
of microglia/macrophages but does not prevent accumulation of cells at the site of injury.
After sixteen weeks, activated microglia/macrophage populations surrounding compliant
implants were equivalent to background sham controls, regardless of the distance from the
implant (Fig. 6 H, L). Interestingly, CD68 staining for activated microglia/macrophages was
in excellent agreement with NeuN staining, suggesting a correlation between microglia
activation and neuron viability as an effect of implant stiffness. Several studies have
indicated a large number of activated microglia cells on the implant surface long after the
initial wound healing response is complete. Activated microglia and macrophages release a
plethora of pro-inflammatory/cytotoxic soluble factors that can damage healthy bystander
cells and the surrounding tissue (53-57). Pro-inflammatory cytokines can have direct toxic
effects on neurons and oligodendrocytes, while reactive oxygen species and chemokines are
involved in opening the BBB and recruiting new macrophages to sites of injury and
inflammation (58). Several recent studies have also provided further support for the
predominant role of macrophage-released factors on the recording function and the
neuroinflammatory response. For example, Karumbaiah et al. have shown that gene
expression for various pro-inflammatory soluble factors is up-regulated in tissue
surrounding poorly performing microelectrodes (59). In addition, Skousen et al. have
suggested that macrophage-secreted soluble factors may be critical in both propagating as
well as shaping the response to traditional microelectrode designs (31).

Gilletti and Muthuswamy have demonstrated that implants in the cortex of rats can move on
the order of 10-30 um due to pressure changes during respiration, and 2—-4 um due to
vascular pulsatility (60). They concluded that such significant micromotion can impact a
wide variety of acute and chronic procedures involving any brain implant. Since the brain is
highly vascularized (61), continual pulsatile activity of implants may also lead to the
repetitive trauma to micro-vessels. Vascular damage, combined with increased release of
reactive oxygen species and chemokines, can cause a constant influx of blood-derived cells
and neurotoxic serum proteins (58). Irregularities in the stability of the BBB functionality
are increasingly investigated in implant-associated disease-like states, due to the
neurodegenerative role of several plasma proteins.

Therefore, to visualize BBB permeability, we stained for 1gG, a common blood derived
protein not typically found in neural tissue (62). Interestingly, maximal 1gG+ staining was
not apparent until two weeks post-implantation. Saxena et al. also investigated a three day
time point and saw minimal 1gG staining (40), which was attributed to brain edema found to
be maximal at three days post-trauma. Starting at two weeks post-implantation, both
compliant and stiff implants exhibited a significant increase in accumulated 1gG within the
cortical tissue. However, the stiff implant facilitated a much broader distribution of IgG+
tissue. Notably, at sixteen weeks post-implantation, there were still considerable amounts of
IgG present at the injury site for both compliant and stiff implants. Here, staining for 1gG
was in agreement with the same volume of tissue supporting increased levels of CD68+ cells
and the lowest levels of NeuN+ cells. However, it remains unclear if the compliant material
facilitates less initial damage to the BBB, or if the softer material has the same initial
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damage but allows for a more complete repair due to reduction in micromotion induced
damage.

As indicated previously, the compliant material swells considerably while becoming
compliant, creating an additional factor to consider in this study. Skousen et al. investigated
the utility of hydrogel coatings on microelectrodes and noted that they can create “cytokine
sinks” (63). While absorption of pro-inflammatory molecules is possible, the porosity of our
material most likely impedes the uptake of proteins during swelling, and was not
investigated here. Additionally, aqueous uptake creates challenges for engineering
functional microelectrodes for neural recordings. The Tyler and Zorman labs are currently
developing microsystems with our mechanically dynamic materials, in which the compliant
material serves as a substrate to replace rigid silicon. Their design utilizes insulating
materials to isolate the water soaked compliant material from the electrodes (13).

From the above described experiments, we have demonstrated that the more compliant
implants demonstrate a significant reduction in several markers of glial scarring, BBB
stability, and an increased neuron density (Fig. 8) compared to the stiff, chemically matched
control implants. To date, there have been limited efforts to directly measure the strain on
cortical neural tissue following device implantation. While LaPlaca and colleagues have
demonstrated in vitro that strain can cause reactive gliosis and neuron loss (64), experiments
are difficult to reproduce in vivo. Interestingly, Bellamkonda and colleagues have reported
that low magnitude strain on astrocytes and microglia induced up-regulation of IL-36Ra as
early as three days post-implantation, which was correlated with increased neuronal
apoptosis (59). In agreement with both LaPlaca and Bellamkonda’s work, the acute study by
Moshayedi et al. reported that astrocytes and microglia both respond to surface stiffness,
facilitating differences in the foreign body response (37). However, the effect seen by
Bellamkonda was less pronounced by twelve weeks post-implantation, presumably due to
strain shielding of cortical tissue by more robust glial scars. Supporting this hypothesis,
Muthuswamy and coworkers (65) recently reported on changes in the mechanical properties
in the brain-electrode interface during chronic implantation. Using a customized jig, a
microelectrode was immobilized onto the skull and chronic force measurements obtained
with a tension/compression load cell at various time points. In vivo measurements of strain
and micromotion stresses surrounding microelectrode implants indicated changes in
estimated elastic modulus of the surrounding brain tissue.

The data presented here suggest that the effects of mechanical mismatch between compliant
neural tissue and the implanted microelectrode may play a role in neuroinflammation and
indicate a dominant role of the mechanical stiffness of the implant during chronic
conditions. It is critical that future studies exploit cutting edge methods developed by groups
such as the Muthuswamy Lab, using novel materials, such as those used here, in order to
better understand how device stiffness/compliance results in changes in the duration and
magnitude of strain and micromotion stresses surrounding microelectrode implants.
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5. Conclusions

The results presented in this study support the hypothesis that late-onset neuron loss may be
attributed to continuous mechanical damage from the mechanical mismatch of stiff implants.
While previous studies have indicated the advantage of compliant implants in reducing acute
neuroinflammatory responses, here we gathered new insights on the long-term effects of
compliant implants. Specifically, we found that while wound healing events dominated
acute inflammatory events, tissue surrounding the compliant implants at later time points
demonstrated a significant reduction in the expression of glial scar formation markers, and a
significant increase in neuron density compared to stiffer implants. Of note, neuronal
viability appeared to be related to low microglial activity and reduced BBB permeability.
Further work is required to pinpoint the exact mechanism and causal relationship between
mechanical, chemical, inflammatory events, and the role of BBB stability. However, we
have demonstrated that at extended periods post-implantation, mechanically compliant
materials present a significant advantage in stabilizing the neural interface. It will be critical
to next explore how these changes in neuroinflammatory events directly relate to tissue
strain and how functional neural electrodes derived from compliant substrates mediate the
stability of neural recordings and/or the function of other neural implants that suffer from
decreased device performance due to an encapsulating glial scar.
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A

Figurel.
Images of Michigan-style silicon probes before (A) and after (B) PVVAc coating. Dipcoating

deposited a PVAc-surface layer of 15 + 5um. Scale bar = 50 um.
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Figure 2.
(A-E) Predicted strain profiles induced by a tangential tethering force on (A) a bare silicon

implant (E’ = 200 GPa), (B) a silicon implant with a 15.5um PVAc coating (E’ = 78 GPa),
(C) an implant created entirely of the PVAc nanocomposite material (63um x 130pum) in the
stiff state (E’ = 5 GPa), (D) an implant created entirely of the P\VAc nanocomposite material
(63um x 130um) in the compliant soft state (E” = 12 MPa), and (E) a hypothetical implant
that matches brain modulus (E’ = 6 kPa). Strain profiles are normalized to the maximum
induced strain surrounding the uncoated silicon probe. (F-H) Normalized strain profiles
extending in the positive y-direction are taken from the brain surface, the implant’s midpoint
and implant’s tip (levels are shown as white dashed lines in (A)). No significant differences
were seen between the bare and coated silicon implants and stiff NC. Despite the
nanocomposite implant having larger dimensions, the model demonstrated that the
compliant nanocomposite implant would induce less strain on the surrounding tissue than
both the uncoated and coated Si implants along their entire length. Additionally, no
significant differences were seen between the compliant nanocomposite and a (hypothetical)
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implant with a modulus that matches the one of the cortical tissue at the midpoint and tip
levels.
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Immunohistochemical analysis of neuronal nuclei (NeuN) around the implant site.
Representative fluorescence microscopy images of stained tissue show that neuronal dieback
around the stiff PV Ac-coated silicon implant was significantly higher than in case of the
compliant nanocomposite implant at various time points (3 days (A-B), 2 weeks (C-D), 8
weeks (E-F), 16 weeks (G-H)). The bar graphs show quantification of neuron densities.
Statistical analysis identified several regions with significantly different neuron populations,
which varied between time points. * Denotes significance between stiff and compliant
samples; # Denotes significance between noted implant and age-matched sham control (p <
0.05). Scale bar = 100 um. The horizontal dashed line represents the 100% neuron level as
determined by quantification of age-matched sham animals. Error bars represent standard

error.
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Figure 4.
Immunohistochemical analysis of the astrocytic scar. Representative fluorescence

microscopy images of stained tissue show the formation of a more compact scar surrounding
mechanically compliant implants (B, D, F, H), compared to the chemically-matched stiff
implants (A, C, E, G) beginning at 2 weeks post-implantation. IHC staining for GFAP+
astrocytes after 2 weeks were seen at higher densities with broader distribution following
implantation of the stiff implants compared to the mechanically compliant implants (I-L) (p
< 0.05). Scale bar = 100 pm. Error bars represent standard error.
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Figureb5.
Immunohistochemical analysis of total microglia/macrophages populations (Ibal).

Representative fluorescence microscopy images of stained tissue show no effect of implant
compliance at acute time points (3 days (A-B,I), 2 weeks (C-D,J)), but a significant
increase in Ibal immunoreactivity around stiff implants at chronic time points (8 weeks (E—
F,K), 16 weeks (G-H,L)) (p < 0.05). Scale bar = 100 ym. Error bars represent standard
error.
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Immunohistochemical analysis of CD68, a cellular marker for activated microglia/
macrophages. Representative fluorescence microscopy images of stained tissue show a
distinct benefit of mechanically compliant implants (B, D, F, H), compared to the
chemically matched stiff implants (A, C, E, G). Starting at two weeks post implantation,
IHC staining and fluorescent quantification showed increased expression of CD68+ tissue
surrounding the stiff implants (I-L) (p < 0.05). Scale bar = 100 um. Error bars represent

standard error.
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Figure7.
Immunohistochemical analysis of 1gG staining shows that the blood brain barrier integrity is

improved for compliant implants, compared to stiff implants. Representative fluorescence
microscopy images of IgG immunoreactivity show no difference three days post
implantation (A, B). At all subsequent time points, a marked increase in 1gG intensity was
observed around the stiff implant (D, F, H) compared to the compliant implant (C, E, G).
Quantification of the fluorescent intensity indicates significant differences between implants
at 2, 8, and 16 weeks post implantation (J-L). (p < 0.05). Scale bar = 100 pm. Error bars
represent standard error.
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Figure 8.

Schematic representation of the tissue response around stiff (A) and compliant (B) implants.
Stiff implants induce increased gliosis, BBB permeation, and neurodegeneration in
comparison to compliant materials. (C) Graphical representation of the peak intensity of
specific inflammatory markers over time, which shows a distinct advantage of compliant

materials at chronic time points.
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