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Abstract
Objective. Despite the feasibility of short-term neural recordings using implantable 
microelectrodes, attaining reliable, chronic recordings remains a challenge. Most neural 
recording devices suffer from a long-term tissue response, including gliosis, at the device–
tissue interface. It was hypothesized that smaller, more flexible intracortical probes would 
limit gliosis by providing a better mechanical match with surrounding tissue. Approach. This 
paper describes the in vivo evaluation of flexible parylene microprobes designed to improve 
the interface with the adjacent neural tissue to limit gliosis and thereby allow for improved 
recording longevity. The probes were coated with an ultrafast degrading tyrosine-derived 
polycarbonate (E5005(2K)) polymer that provides temporary mechanical support for device 
implantation, yet degrades within 2 h post-implantation. A parametric study of probes of 
varying dimensions and polymer coating thicknesses were implanted in rat brains. The glial 
tissue response and neuronal loss were assessed from 72 h to 24 weeks post-implantation 
via immunohistochemistry. Main results. Experimental results suggest that both probe 
and polymer coating sizes affect the extent of gliosis. When an appropriate sized coating 
dimension (100 µm  ×  100 µm) and small probe (30 µm  ×  5 µm) was implanted, a minimal 
post-implantation glial response was observed. No discernible gliosis was detected when 
compared to tissue where a sham control consisting of a solid degradable polymer shuttle 
of the same dimensions was inserted. A larger polymer coating (200 µm  ×  200 µm) device 
induced a more severe glial response at later time points, suggesting that the initial insertion 
trauma can affect gliosis even when the polymer shuttle degrades rapidly. A larger degree of 
gliosis was also observed when comparing a larger sized probe (80 µm  ×  5 µm) to a smaller 
probe (30 µm  ×  5 µm) using the same polymer coating size (100 µm  ×  100 µm). There was 
no significant neuronal loss around the implantation sites for most device candidates except 
the group with largest polymer coating and probe sizes. Significance. These results suggest 
that: (1) the degree of mechanical trauma at device implantation and mechanical mismatches 
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at the probe-tissue interface affect long term gliosis; (2) smaller, more flexible probes may 
minimize the glial response to provide improved tissue biocompatibility when used for chronic 
neural signal recording; and (3) some degree of glial scarring did not significantly affect 
neuronal distribution around the probe.

Keywords: intracortical probe, glial response, flexible probe, biodegradable polymer

(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, intracortical neural probes have received 
increased interest as tools to study neuroscience and under-
stand brain functions, and for use in promising therapeutic 
devices for various biomedical/rehabilitative applications, 
including neuromodulation, brain–computer interfaces, and 
neural prosthetics [1–5]. Despite several decades of neural 
probe development, the ability to achieve consistent long-
term neural recordings still remains a major challenge and has 
prevented the widespread clinical use of intracortical probe 
technology in humans [6–9]. One of the prominent causes 
for recording failure is disruption of the electrode-cell inter-
face resulting from the native tissue foreign body response. 
Implantation of an intracortical probe causes acute, immediate 
tissue damage including potential disruption of the blood ves-
sels [10, 11], an acute and chronic inflammatory response  
[12, 13], neural damage and degeneration [14], and ultimately 
the development of a glial scar [14, 15], which diminishes 
probe recording quality over time.

Astrocytes and microglia are the two major glial cell types 
involved in the neural tissue response. Microglia are activated 
following device implantation and initiate the wound healing 
response through the secretion of soluble factors, which in 
turn activate astrocytes, other microglia, immune cells, and 
cellular pathways through inflammatory cytokines [16, 17]. 
Activated microglia recruit macrophages which attempt 
to phagocytize the implanted foreign matter [12, 18, 19].  
Although this acute inflammatory response may interrupt 
probe performance, it usually subsides within a few weeks 
following device implantation [12, 13]. A longer term chronic 
tissue response follows, which is characterized by the devel-
opment of an encapsulation layer around the probe, primarily 
composed of astrocytes [10, 20, 21]. This glial layer isolates the 
implant from adjacent neural cells and increases the electrode 
impedance to neural signal acquisition of local field potentials  
[22, 23]. Such disruption can cause diminished and/or incon-
sistent signal quality, which eventually limits the probe’s 
functionality. Most conventional intracortical electrodes 
(e.g. microwires, Blackrock Microsystems (Utah) arrays, or 
NeuroNexus (Michigan) arrays) can often sustain recording 
performance for several months (6–12 months with good 
signal-to-noise ratio) before the signal quality begins to 
drop significantly approximately 18–24 months after device 
implantation [20, 24, 25] until the majority of probes ulti-
mately become incapable of acquiring signals at all.

Various interventions have been investigated to improve the 
electrode-cell interface and limit the degree of gliosis around 

the probes. Some researchers have reported biochemical 
approaches to limit gliosis by modifying conventional neural 
probes by incorporating or coating them with substances 
such as anti-inflammatory drugs (e.g. Dexamethasone (DEX)  
[26–31], Flavopirido [32]) or neural cell adhesion molecules, 
such as L1 [33, 34]. Also, by coating the recording electrodes 
with conductive materials such as carbon nanotubes [35–37] 
and conductive polymers [31, 38–40], the electrode imped-
ance can also be decreased to allow better electrical integra-
tion with neural tissue. These interventions improve probe 
longevity by reducing the inflammatory response induced by 
the electrode, enhancing neural cell attachment to the elec-
trode for higher fidelity recording, or increasing the electrode 
conductivity for improved signal-to-noise ratio.

Another approach to improve the electrode-cell interface 
is to manipulate device design parameters such as probe size 
and material. Several studies have shown that subcellular 
sized probes can significantly reduce the degree of glial scar 
formation compared to conventional silicon probes and are 
able to sustain their recording quality for extended periods 
of time [41–43]. Smaller probes are expected to produce 
less tissue disruption during device implantation as well as 
less mechanical mismatch/shearing between the probe and 
the surrounding tissue. The stiffness of the chosen probe  
mat erial also contributes to the mechanical mismatch between 
the neural probe and adjacent tissue layer, where a larger, 
stiffer probe is expected to have a greater degree of mechan-
ical mismatch, which induces a foreign body response due to 
the interfacial strain. Furthermore, friction from the device 
micromotion at the probe-tissue interface has been shown to 
worsen the inflammatory response and disrupt the cellular 
microenvironment [44–46]. Several groups have suggested 
that fabrication of probes from more flexible materials (SU-8 
[47, 48], polyimide [49], poly(p-xylylene) (parylene) [9, 50], 
shape memory polymers [51, 52], and adaptive polymer nano-
composite materials [53, 54]) that provide a better mechanical 
match of the device compliance with that of adjacent tissues 
will minimize tissue responses [55–61].

Fabricating smaller and more flexible (compliant) neural 
probes represents a promising approach towards attenuating 
chronic tissue responses. However, implantation of compliant 
devices can be challenging. Flexible probes are soft and pli-
able and therefore often buckle during penetration through the 
meningeal layers. They may also bend and curl easily, leading 
to device misplacement within the brain. Furthermore, the elec-
tronics on the flexible probe can be sensitive to the mechanical 
forces experienced during insertion and so they need to be 
protected from distortion and fracture of the electrode traces. 

J. Neural Eng. 15 (2018) 036002
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Various techniques have been investigated to aid insertion of 
flexible probes. One approach is to couple a support such as 
a needle or silicon shank to the flexible probes as a temporary 
insertion shuttle, which is often removed after implantation [9, 
63–65]. A recent study used a 10 µm wide carbon fiber as an 
insertion shuttle for a SU-8 based neural probe and showed 
minimal glial response [63]. Another approach, and our chosen 
method, is to coat or support the probe with a degradable 
poly mer that is fully resorbed within hours so that no rigid 
support remains permanently. Several groups have explored 
coating probes with biodegradable poly mers, including 
silk [65, 66], poly(D,L-lactide-co-glycolide) (PLGA) [67], 
poly(ethylene glycol) (PEG) [68] and carboxyl-methylcel-
lulose (CMC) [7] to stiffen the devices for cortical implant-
ation. The biodegradable polymers provide temporary support 
for the probe to withstand insertion forces and then degrade 
within the tissue, leaving the probe in place for signal acqui-
sition. However, most reports describe a dip-coating method 
to coat the probes with the supportive polymers. The coating 
dimensions were less defined and commonly thicker than what 
is required for insertion (~200–500 µm) [62, 67]. Dip-coating 
may also introduce large variabilities in the coating dimensions, 
as well as increased risk of tissue damage during insertion due 
to an unnecessarily thick polymer coating. Complications may 
also be related to extended polymer degradation times and/or 
non-biocompatible degradation metabolites.

Our group previously reported the biocompatibility of an 
ultrafast degrading tyrosine-derived polycarbonate E5005(2K) 
polymer following insertion into rat brain showing minimal 
astrocyte and microglia activation compared to other degrading 
polymers such as PLGA and did not show any significant dif-
ference in tissue response within randomized implantation sites 
[69]. When the E5005(2K) polymer was coated onto microw-
ires by dip coating, the tissue response to the microwire showed 
no significant differences compared to an uncoated control and 
electrophysiological signal recording capability was demon-
strated up to one week after the poly mer coating had completely 
degraded [70]. Building upon this preliminary work, a fabrica-
tion process for coating non-functional SU-8 probes with an 
ultrafast degrading tyrosine-derived polycarbonate (E5005(2K)) 
was developed [71]. The polymer coating procedure was con-
trolled by molding the polymer within a microchannel structure 
to ensure consistent dimensions. The coating degraded within 
2 h post implantation, without disruption of the SU-8 probes. 
We also reported the development of a finite element model 
(FEM) to simulate insertion of coated neural probes of varying 
dimensions and material properties, and identified several pos-
sible coating thicknesses which could be used on probe candi-
dates for successful insertion into the brain tissue, and in vivo 
characterization [72]. The computational model predicted that, 
with the E5005(2K) polymer as a coating material, a minimum 
coating size of 75 µm  ×  100 µm in cross section would allow 
100% of devices to be inserted without buckling or fracture. 
In this work, we used a more conservative 100 µm  ×  100 µm 
minimum coating size to ensure successful probe insertion. We 
also adapted our fabrication process to develop polymer coated 
microprobes made from parylene. Parylene has emerged as 
a promising material for fabricating neural probes due to its: 

(1) biocompatibility, (2) chemical inertness, and (3) conformal 
nature (pin-hole free deposition) [73].

The purpose of this study was to perform a parametric study 
to evaluate the tissue responses to different sized non-func-
tional (lacking electrode traces) probe candidates implanted 
in a rat model. The effects of different design parameters 
(probe and polymer coating dimensions) on the acute (72 h) to 
chronic (up to 24 weeks) glial cell response and neuronal loss 
around the implantation sites were assessed by the morpho-
logical appearance of tissue slices via immunohistochemistry 
to identify probes sizes and coating dimensions that obviate 
the glial response to parylene probes. It was hypothesized that 
a smaller, more flexible intracortical probe would limit gliosis 
by providing a better mechanical match with surrounding 
tissue. A secondary investigation was to determine the effect 
of the coating dimensions on glial cell activation. Results 
demonstrated that an appropriate sized coating dimension and 
probe size induced gliosis equivalent to tissue where a blank 
control consisting of a solid degradable polymer shuttle of the 
same dimensions was inserted and that the degree of initial 
insertion trauma can have a direct effect on long term gliosis 
even when the polymer shuttle degrades rapidly. These results 
can be used to help guide the design and insertion strategies 
for flexible probes in order to limit the glial response to func-
tional probes in order to support long term recording fidelity.

2. Materials and methods

2.1. Polymer coated parylene probe fabrication

2.1.1. Polymer preparation. The tyrosine-derived polycar-
bonate co-polymer was synthesized according to a previously 
published procedure [74, 75]. This biodegradable polymer has 
previously been shown to be biologically benign with a tailor-
able degradation rate. The effect of resorption and degradation 
kinetics on surrounding brain tissue in vivo was previously 
investigated [70]. These polymers showed minimal astrocyte 
and microglia activation compared to other degrading poly-
mers such as PLGA. The mechanical and chemical proper-
ties of this class of polymers depend on the relative molar 
percentages of three monomers: desaminotyrosyl-tyrosine 
alkyl ethyl ester (DTE), desaminotyrosyl-tyrosine (DT), and 
poly(ethylene glycol) (PEG). The naming convention used 
for the polymer is EXXYY(MW) as previously described 
[71], which corresponds to poly(DTE-co-XX%DT-co-YY%-
(PEGMW carbonate) where XX is the mole percent of DT, 
YY is the mole percent of the PEG and the MW is the aver-
age molecular weight of the PEG. From the available library 
of polymers in this class, the specific one used for this study 
was E5005(2K) (E  =  1.6 GPa, Tg  =  57°C, Mn  =  100K). 
The E5005(2K) exhibited optimal properties as an insertion 
aid, balancing a high Young’s modulus, required for device 
implantation, together with a rapid degradation rate, so that 
the shuttle degrades into natural (tyrosine) or non-toxic (PEG) 
metabolites which are cleared from the surrounding tissue 
within a few hours post-insertion [69–71] The E5005(2K) 
polymer solution was prepared as a 9% w/w solution in anhy-
drous 1, 4-dioxane (Sigma-Aldrich, St. Louis, MO, USA).
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2.1.2. Device fabrication. Parylene was chosen as the non-
functional probe material. Parylene is a flexible, biocompat-
ible USP Class VI biomaterial that has been widely used for 
various FDA-approved medical devices [76, 77]. To fabricate 
the probe, a 5 µm thick parylene layer (Labcoter 2 (PDS 2010), 
Specialty Coating Systems, Indianapolis, IN, USA) was first 
deposited onto a glass substrate (figure 1). An aluminum mask-
ing layer was then deposited using physical vapor deposition 
(PVD75, Kurt J. Lesker Company, Jefferson Hills, PA, USA) 
and patterned using a lift off process to define the probe geom-
etry. The unmasked parylene was isotropically etched using 
oxygen plasma etching (PX-250, March Instruments, Nord-
son March Corp., Concord, CA, USA) (600 mTorr, 100 W) 
for 30 min, which was long enough to etch through a ~7.5 µm  
thick parylene layer and ensure the removal of all of the 
unmasked parylene layer while defining the probe geometry. 
The aluminum masking layer was dissolved using aqueous 
aluminum etchant. The parylene probe was coated with the 
E5005(2K) degradable polymer according to our previously 
published procedure [71]. Briefly, a polydimethylsiloxane 
(PDMS) mold defining the coating dimensions was fabricated 
by soft lithography and aligned with the parylene probe. The 
E5005(2K) polymer solution was infused from the molding 
inlet using the micromolding in capillaries (MIMIC) [78] pro-
cess, where the polymer solution was introduced into a micro-
channel reservoir and filled the cavities through capillary 
action. The polymer solution was refilled three times to ensure 
a uniform coating. The polymer coated probe was placed in a 
vacuum oven under  −15 inHg vacuum at 50 °C for an hour, 
and finally in full vacuum (−29.92 inHg) for at least 1 d to 
ensure complete solvent evaporation. Finally, the PDMS mold 
was peeled off from the substrate and the probe was lifted off 
from the substrate using tweezers.

2.2. In vivo characterization using animal models

2.2.1. Polymer-coated probe candidates selection and  
prep aration. The goal of this parametric study was to inves-
tigate how the size of the probe and of the polymer coating 
affects gliosis. Five different designs of varying probe and 
polymer coating sizes were selected for the study (table 1). 
Smaller (100 µm  ×  100 µm) versus larger (200 µm  ×  200 
µm) sized polymer coatings were used to encapsulate the 
same sized probes to determine whether the initial mechanical 
trauma induced by the polymer coating during insertion plays 
a role in long term gliosis (even though the polymer coating 
rapidly degrades). Different sized probes (no probe, 30 µm 
wide, and 80 µm wide) encapsulated within the same polymer 
coating size (100 µm  ×  100 µm) were used to determine how 
cells reacted to the different sized probes after receiving the 
same insertion trauma. Finally, the probe dimensions of one 
group (Group 5—320 µm wide) were chosen as a positive con-
trol because they matched the width of several probes reported 
in the literature [9, 62, 79]. A total of ten probes (two from 
each group) were simultaneously implanted in each animal so 
that n  =  6 of each probe type were tested in n  =  3 animals at 
each timepoint. The probes were fixed to a custom 3D-printed 

surgical holder using epoxy glue to create a single ten-probe 
assembly. Probes were each spaced ~2 mm apart from each 
other, to prevent overlapping tissue response interference. The 
probe assemblies were treated with UV light (30 min per side) 
to minimize the risk of infection following implantation. They 
were then vacuum sealed and stored in a freezer at –20 °C 
until use. Each device was thawed under vacuum for 15 min 
prior to implantation to prevent moisture from condensation 
being absorbed by and damaging the polymer coating.

2.2.2. Surgical procedure. All surgical procedures were per-
formed under a protocol approved by Rutgers’ Institutional 
Animal Care and Use Committee (IACUC). A total of eigh-
teen animals (male Sprague-Dawley rats; Charles River Labs, 
Wilmington, MA, USA) were used for the study. Each ani-
mal was first anesthetized with 5% isoflurane gas, followed 
by intraperitoneal ketamine (100 mg ml−1) and xylazine  
(10 mg ml−1). The animal’s head was shaved from between 
the eyes to behind the ears and then fixed in a stereotaxic 
station. A sagittal incision was made over the midline of the 
scalp. Bregma and lambda were identified as reference points. 
Four screws were placed (two on each side, 4 mm from the 
sagittal suture: the first two 8 mm anterior to bregma and 
two 4 mm posterior to bregma) to act as anchors for the head 
stage. Two craniotomies (dimensions shown in figure 2(A)) 
were drilled 1.5 mm from the midline on each side, anterior to 
bregma. These implantation locations were selected due to the 
brain’s relative homogeneity and flatness in this region aiming 
to minimize any variability in the brain tissue between probe 
sites within each animal as much as possible.

The craniotomies were kept moist with saline. To minimize 
exposure of the humidity-sensitive polymer-coated probes to 
the ambient environment, a surrogate surgical assembly with 
ten non-degradable polymer-coated probes was first fixed to 
the stereotaxic manipulator. The implantation location was 
then adjusted to align with the craniotomies, and the precise x-y 
implantation coordinates were defined (figure 2(B)). Dura was 
removed prior to device implantation. The surrogate surgical 
assembly was replaced with the definitive probe assembly, 
and the probes were inserted manually (at ~2 mm min−1)  
into the brain. Dental cement (Stoelting Co., Wood Dale, 
IL, USA) was applied to build a headstage, fixing the probe 
assembly to the calvarium and anchor screws. The scalp 
was sutured closed around this headstage. The animal was 
placed on a water-perfused heating pad until recovery from 
anesthesia.

2.2.3. Tissue processing and immunohistochemistry. Ani-
mals (n  =  3) were sacrificed at one of six discrete time points 
(72 h, 10 d, 3 weeks, 7 weeks, 12 weeks and 24 weeks). The 
animal was first deeply anesthetized with an overdose of pen-
tobarbital. Once the animal reached the surgical plane of anes-
thesia, it was perfused transcardially with room temper ature  
phosphate buffered saline (PBS) followed by 4% parafor-
maldehyde (4 °C) to fix the tissues. The surgical head stage 
was removed manually along with the flexible probes. The 
whole brain was extracted from the skull and preserved in 
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4% paraformaldehyde for 48 h, before transfer into a sucrose-
saline cryoprotectant solution until sectioning.

Brain tissue was sectioned in the transverse plane with a 
cryostat into 30 µm slices. Slices were collected from 1.5 mm, 
2 mm, and 2.5 mm deep to the brain’s cranial surface. At each 
of these levels, immunohistochemistry was performed on 

three consecutive slices to label various cell types. For the 
first slice, the primary antibodies used were specific to: (1) 
astrocytes: polyclonal chicken anti-glial fibrillary acidic pro-
tein (GFAP) (Cat#GFAP, dilution 1:500, Aves Lab, Tigard, 
OR, USA); and (2) endothelial cells: polyclonal rabbit anti-
human Von Willebrand Factor, (Cat#A0082, dilution 1:200, 

Figure 1. Parylene probe fabrication protocol, polymer coating procedure. First, a thin layer of parylene was deposited. A thin aluminum 
mask layer that defined the probe geometry was deposited onto the top of the parylene layer with a lift-off method. An oxygen plasma etch 
was performed to pattern the probe. The mask layer was dissolved with a chemical etchant to complete probe fabrication. The probe was 
coated with the polymer through MIMIC, and the whole device was dried and released from the substrate [71].

Table 1. Polymer coated parylene probe candidates.

Group
Parylene probe dimensions 
(width  ×  thickness  ×  length)

Polymer coating dimension 
(width  ×  thickness  ×  length) Description

1 30 µm  ×  5 µm  ×  3.5 mm 100 µm  ×  100 µm  ×  4 mm Small probe
Small coating

2 80 µm  ×  5 µm  ×  3.5 mm 100 µm  ×  100 µm  ×  4 mm Large probe
Small coating

3 30 µm  ×  5 µm  ×  3.5 mm 200 µm  ×  200 µm  ×  4 mm Small probe
Large coating

4 None 100 µm  ×  100 µm  ×  4 mm Negative control
Small coating only

5 320 µm  ×  5 µm  ×  3.5 mm 350 µm  ×  100 µm  ×  4 mm Positive control
Similar dimensions to those found in literature [9, 62, 79]
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Dako North America Inc., Carpinteria, CA, USA). The sec-
ondary antibodies used were: (1) goat anti-chicken IgY 
(H  +  L) (Alexa 647, Cat#A-21449, Life Technologies Inc, 
Grand Island, NY, USA); and (2) goat anti-rabbit IgY (H  +  L) 
(Alexa 488 Cat#A11008, Life Technologies Inc, Grand 
Island, NY, USA). Endothelial cell identification was used to 
assist in distinguishing probe implantation sites from blood 
vessels of similar size. For the second slice, a polyclonal 
rabbit anti-NeuN (Cat # ab104225, dilution 1:500, Abcam 
Inc., Cambridge, MA, USA) specific to neurons was used, fol-
lowed by a goat anti-rabbit IgY (H  +  L) secondary antibody 
(Alexa 488 Cat#A11008, dilution 1:500, Life Technologies 
Inc, Grand Island, NY, USA). For the third slice, the primary 
antibody was specific to microglia: polyclonal rabbit anti-
Iba-1 (Cat#CTK6675, dilution 1:200, Wako Inc., Richmond, 
VA). The secondary antibody was goat anti-rabbit IgY 
(H  +  L) (Alexa 568 Cat#A11011, Life Technologies Inc, 
Grand Island, NY, USA). Activated microglia were identified 
by morphology.

2.2.4. Imaging protocol. Immunohistological images were 
acquired by imaging the entire brain slice using a 4×  objective 
in epifluorescence mode (Olympus IX-81, Waltham, MA, USA) 
with a CCD camera (Hamamatsu Orca, Hamamatsu Photon-
ics K.K, Hamamatsu City, Shizuoka, Japan). Due to the large 
overall size of the brain slice, full-brain images were obtained 
by acquiring multiple images across the brain region and digi-
tally stitching these into a montage image. A grid was applied 
over the montage to identify individual implantation sites  
(figure 3). The grid consisted of ten regions of interest (ROIs), 
each 1 mm  ×  1 mm in size, located over the expected probe 

insertion sites according to the surgical assembly dimensions. 
Each ROI was then reimaged and analyzed at a higher mag-
nification using a 10×  objective to quantify cellular responses 
around each respective implantation site.

2.2.5. Image and data analysis. A Matlab script was devel-
oped to perform a rotational intensity sweep profile analysis 
on individual images of sections from each implantation site 
(figure 4(A)). The local cell density across the image was cor-
related to the fluorescence intensity of the labeling antibody 
at each location. The image was first segmented by thresh-
olding to identify the implantation site. The centroid of the 
implantation site was identified and set as the starting point for 
analysis. An end point was defined radially 800 µm from the 
starting point within an undamaged brain region. The analysis 
did not exclude the wound sites so that we could also quanti fy 
the wound size within each probe group. The end point was 
selected as a control reference intensity with respect to the 
implantation sites. Fluorescent label intensity values were 
obtained along an intensity line trace defined from the start-
ing to the end points. The analysis was repeated in a circular 
fashion by rotating the line in 1° increments for a full circle 
sweep. The intensity values were then averaged across the 
different line traces and normalized to the intensity values of 
the undamaged area of tissue occurring 600–800 µm from the 
implantation center, which was normalized to a fluorescence 
intensity value of 1.

This approach allowed the assessment of cell behavior 
around the implantation site for various probe and coating 
sizes with respect to the distance from the center of the 
implant ation site. The data were further processed to obtain 

Figure 2. Surgical procedure for the animal study. (A) Two craniotomies were performed. (B), (C) Two probes from each of the five groups 
were implanted simultaneously via a custom designed surgical holder. (D) Dental cement was used to fix the surgical holder, and the wound 
was sutured. The animal was placed on a heating pad until recovery from anesthesia. (E) Location and dimension of the two craniotomies 
and the ten probes (table 1 for number reference) with different dimensions. Black circle display the location of the four skull screws. 
A  =  4 mm; b  =  4 mm; c  =  6 mm; d  =  3 mm.
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a single representative intensity value for comparison among 
different probe groups, animals, and time points. This rep-
resentative value was obtained by calculating the total area 
under the curve when the normalized fluorescence intensity 
value was above the normalized value of 1, which was indica-
tive of the relative image area where the cell density was com-
parably greater compared to the undamaged area within the 

ROI (i.e. an indication of cellular accumulation around the 
implantation site) (figure 4(B)). In this manner, the implant-
ation site normalized intensity value was always lower than 1 
and excluded from the analysis. One way analysis of variance 
(ANOVA) was performed to evaluate if there were significant 
differences (P  <  0.05) among probe candidates at a specific 
time point. For time points that were identified as significant 

Figure 3. Representative image of (1) a montage of images with a grid for implantation site identification. Scale bar: 500 µm. (2) Inset: 
magnified images of several implantation sites for downstream image analysis process. Sample ID: 72 h control animal sectioned 2 mm 
deep from the surface of the brain stained with GFAP (astrocytes). R and L indicate right hemisphere and left hemisphere for the animal. 
Scale bar: 200 µm.

Figure 4. (A) Schematic of the rotational intensity sweep profile anaysis. (B) Represensative data showing normalized intensity versus 
distance from the center of the implantation site. The intensity values were normalized by the undamaged area, which was denoted with a 
value of 1. Area under the curve and above 1 was obtained to indicate the relative image area where the cell density was greater compared 
to the undamaged area within the region of interest.
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by the omnibus ANOVA, pairwise comparisons with Tukey’s 
post hoc test (P  <  0.05) were used to identify the devices that 
were significantly different from each other at that specific 
time point.

3. Results

3.1. Glial response—astrocyte

Figure 5 displays representative images of GFAP immuno-
fluorescence for each of the five probe candidates at each time 
point. Figure 6(A) shows the normalized staining intensity and 
statistical comparisons across different groups at various time 
points to examine how varying device size and coating dimen-
sions affects glial scar formation. Figures 6(B) and (C) show the 
average intensity of immunolabeled astrocytes from the center 
of the implantation sites for all five probe groups at two dif-
ferent time points: 72 h and 24 weeks, respectively. At the 72 h 
time point, the GFAP intensity was low across all five groups, 
indicating minimal acute astrocyte activation. Furthermore, 
GFAP intensity was lower immediately adjacent to the 
implant ation sites for all the groups compared to the undam-
aged area (figure 6(B)). This might result from tissue necrosis 
induced by mechanical trauma during insertion or the preva-
lence of other cell types near the implantation sites. Ten days 
post device implantation, the GFAP intensity increased, and 
the insertion wounds had begun to close for all five groups. The 
groups with the larger polymer coatings (Group 3— 200 µm  ×   
200 µm coating and Group 5—350 µm  ×  100 µm coating) 

exhibited lower astrocyte density around the implantation site 
than the groups with the smaller polymer coatings (Groups 1, 
2 and 4—100 µm  ×  100 µm coating). The groups with the 
larger polymer coatings created larger wounds upon insertion, 
which may have prolonged the wound healing time course 
compared to the groups with the smaller polymer coatings.

At the three-week time point, the astrocyte response 
started to differentiate among the different groups. A GFAP-
positive astrocyte layer formed around the groups with the 
larger coatings (Group 3—200  ×  200 µm coating and Group 
5—350 µm  ×  100 µm coating). There was a statistically sig-
nificant GFAP intensity difference between Group 1, the 
small probe (30  µm  ×  5 µm probe) with the small coating 
(100 µm  ×  100  µm coating) and Group 3, the small probe 
(30 µm  ×  5 µm probe) with the large coating (200 µm  ×  200 µm 
coating), suggesting that the larger polymer coating led to a 
more severe astrocyte response (figure 6(A)). Between groups 
with the same coating dimensions (100 µm  ×  100 µm coating), 
the larger probe (Group 2—80 µm  ×  5 µm probe) induced a 
higher GFAP intensity compared to the smaller probe (Group 
1—30 µm  ×  5 µm probe), but the difference was not statisti-
cally significant at this time point.

By week seven, the smaller probes in Group 1 showed sig-
nificantly lower GFAP staining intensity than the larger probes 
in Group 2 with the same coating size (figure 6(A)). There was 
no significant difference in GFAP intensity between Group 
1 and Group 4, the sham device with no probe. The GFAP 
intensity remained significantly higher for the coated probes 
(Group 2) than the coating alone (Group 4). (figure 6(A)). 

Figure 5. Representative images of GFAP immunostaining for different devices at different time points. Scale bar: 200 µm.
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Figure 6. (A) Normalized GFAP intensity at different time points for the five probe groups. *Significance between different groups 
(p  <  0.05). **Significance between different groups (p  <  0.01). ***Significance between different groups (p  <  0.001). GFAP intensity 
over the distance from the center of the implantation site for different groups. (B) 72 h post device implantation. (C) 24 weeks post device 
implantation. The shaded area represents the standard error for each data point.

Figure 7. Representative images of Iba-1 immunostaining for different groups at different time points. Scale bar: 200 µm.
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These results indicate that the overall probe size plays a role 
in the glial scar response. As such, to limit astrocyte accumu-
lation, probes would optimally be less than 80 µm wide.

At the 12 week time point, the astrocyte response was sig-
nificantly different among all groups (figures 5 and 6(A)). 
The GFAP intensity was positively correlated to the probe 
sizes for Groups 1, 2, and 4, which have the same coating 
size. The insertion wounds of most devices in Group 4 
(polymer coating only with no probe) were healed and 
could not be identified (figure 5). The GFAP intensity was 
also positively correlated to the polymer coating size for 
Groups 1 and 3, which had the same probe size but different 
coating dimensions. At this time point, the GFAP intensity 
was the highest for Group 3 (the 30 µm  ×  5 µm probe with 
the 200 µm  ×  200 µm coating) even compared to Group 2 
(80 µm  ×  5 µm probe with the 100 µm  ×  100 µm coating) 
and Group 5, the largest probe (320 µm  ×  5 µm probe) with 
a large coating (350 µm  ×  100 µm coating) indicating that 
the coated device geometry aspect ratio and/or cross sec-
tional area affected gliosis. The cross-sectional geometry for 
Group 5 was wider but thinner than for Group 3 and there-
fore may foster wound closure across the smaller dimen-
sion. The increased coating cross-sectional area in Group 3 
(200 µm  ×  200 µm coating) may lead to more severe acute 
tissue damage during insertion, which ultimately translates 
to a more severe chronic astrocyte activation response. These 
results suggest that overall polymer coating size (and/or cross 
sectional area) may exhibit a more significant effect on astro-
cyte response than the overall probe size, despite the polymer 
coating dissolving at a much earlier time point.

At the 24 week time point (figure 6(C)), the astrocyte 
response stabilized and subsided compared to week 12. At 
this time point, the GFAP intensity for the group with smallest 
implanted probe (Group 1) was not significantly different 
than the sham, polymer alone group (Group 4). This indicates 
that the small, flexible probe attenuated astrocyte activation, 
and therefore the tissue response was minimized. However, 
the group with the large, 200 µm  ×  200 µm coating induced 
a more severe tissue response comparable to or even more 
severe than the positive control Group 5.

3.2. Glial response—microglia

Figure 7 displays representative Iba-1 stained images for 
the five groups at different time points while figure 8 shows 
the normalized intensity and average intensity traces of 
immunolabeled microglia from the center of the implantation 
sites for all five probe groups at 72 h and 24 weeks, respectively. 
Iba-1 immunolabels both resting and reactive microglia, 
and morph ology was used to identify activated microglia. 
Quiescent microglia have a highly branched morphology. 
Upon activation, they begin to proliferate and exhibit an 
amoeboid morph ology [17, 80]. For all of the groups, reactive 
microglia were observed at the 72 h time point, and a compact 
layer of microglia was observed around the implantation sites.

The microglial response stabilized 10 d post device implant-
ation. Reactive microglia with an amoeboid morphology 
were still observed closely packed around the implantation 

sites, but the overall intensity decreased compared with the 
intensity after 72 h (figures 7 and 8(A)). At the three-week 
time point, the Iba-1 intensity increased for all groups except 
the pure polymer sham negative control (Group 4). Thus, the 
acute microglia response induced by insertion trauma was 
resolved by this three-week time point and had transitioned to 
a chronic microglial neuro-inflammation response observed 
in the groups with an encapsulated probe. The time course of 
microglia activation observed in this study aligns with results 
reported from several other studies [10, 15, 18].

At the seven and 12 week time points, the chronic response 
of microglia had decreased and stabilized in all five groups. 
At the 24 week time point, the microglial response for the 
groups with the 200 µm  ×  200 µm coating (Group 3) and the  
320 µm  ×  5 µm probe (Group 5) were more severe when 
compared to the rest of the groups. These results aligned with 
the astrocyte response observed for the larger probe or coating 
sizes. Even though the glial scar response consists mainly of 
astrocytes, microglia have also been observed to reside within 
the region of gliosis.

3.3. Neuronal response

Figure 9 displays the intensity of immunolabeled neurons 
over the distance from the center of the implantation sites 
for all five different groups at two different time points: 72 h 
and 24 weeks. At the 72 h time point, the 320 µm  ×  5 µm 
probe (Group 5) suffered approximately 20% neuron loss up 
to 400 µm from the center of the implantation site. This might 
result from the larger wound size as well as the more severe 
acute glial cell activation, leaving less space for neurons close 
to the implantation site. The pure polymer sham negative 
control (Group 4) exhibited both a smaller wound size and 
the lowest degree of neuronal loss. Regardless, there was no 
statistically significant difference in terms of the percentage of 
neuronal loss among all five groups. At the 24 week time point, 
the wound size became smaller for each of the probe groups 
and neurons were found to be located within 50–100 µm of 
the center of the implantation site. The wound size for the 
smaller 100 µm  ×  100 µm coating groups (Groups 1 and 2) 

Figure 8. (A) Normalized intensity of Iba-1 staining at different 
time points for the five probe groups. **Significance between 
different groups (p  <  0.01), Iba-1 intensity over the distance from 
the center of the implantation site for different groups. (B) 72 h post 
device implantation. (C) 24 weeks post device implantation. The 
shaded area represents the standard error for each data point.
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were smaller compared to the larger 200 µm  ×  200  µm 
and 350  µm  ×  100 µm coating groups (Groups 3 and 5, 
respectively). The largest 320 µm  ×  5 µm probe (Group 5) 
resulted in about 10–20% neuron loss up to 500 µm from the 
center of the implantation site. The rest of the probe groups 
did not exhibit significant neuronal loss (<10%) around the 
implant ation sites.

4. Discussion

Five device candidates of varying probe and polymer coating 
sizes were evaluated at six different time points ranging from 
acute (72 h) to chronic (24 weeks), to determine the effects 
on the development of the glial scar. The biocompatibility 
of the polymer used for this work was previously studied  
[70, 74, 81, 82]. In this study, the size of the polymer coating 
was shown to affect the glial scar, but there was no statisti-
cally significant difference in neuronal loss observed around 
the implantation sites for any of the probe groups.

We previously characterized the polymer coating pro-
cedure and degradation profile and demonstrated that the 
coating degraded within 2 h post implantation in an in vitro 
model [71]. Therefore, it was expected that the polymer 
coating would only affect the short term glial response, and 
that the probe size would play the primary role in chronic 
response. When a coating size of 100 µm  ×  100 µm was 

used, the larger probes (80 µm wide  ×  5 µm thick) induced 
a significantly more severe glial response than smaller probes 
(30 µm wide  ×  5 µm thick) at 7, 12, and 24 week time points. 
These data support the hypothesis that a smaller and more 
flexible probe limits gliosis. The larger sized probe is calcu-
lated to have ~2.67 times the bending stiffness of the smaller 
probe, which may produce an appreciable increase in interfa-
cial strain due to device micromotion. These results are con-
sistent with many other reports in the literature [44, 45, 83, 
84]. Furthermore, the degree of astrocyte activation induced 
by the small probe was of comparable intensity to that from 
the smaller pure polymer shank across all time points. Based 
on these data, we identified the 30 µm wide  ×  5 µm thick 
parylene probe with a 100 µm wide  ×  100 µm thick coating 
as a threshold design to limit the glial scarring, which may 
improve a device’s signal recording consistency.

However, probes of this size and smaller can severely limit 
the recording potential of the probe. Most conventional neural 
probes have recording impedances of around 1 MΩ at a 1 kHz 
recording frequency [85–87]. Previous studies have shown 
that to achieve this impedance, a recording electrode area of 
400–600 µm2 is typically required. The width of the recording 
window is usually about ~20 µm diameter. Therefore, a 
30 µm wide probe would be the minimum size to support 
such a recording site. These smaller probes would also limit 
the number of recording electrodes that can be incorporated 
within the device. Fewer electrodes allow for less signal 
acquisition. Thus, probe design requires a balance of signal 
recording consistency and efficiency, and probes between the 
30 and 80 µm widths may need to be investigated to optimally 
achieve this balance. Coating electrodes with conductive  
poly mers such as poly(3,4-ethylenedioxythiophene) (PEDOT) 
and poly(pyrrole) (PPy) can also help improve the electrode-
cell interface and lower electrical impedance due to their high 
charge injection capacity, compliant mechanical properties 
compared to brain tissue, and biocompatibility which may 
allow smaller electrodes to be used [88].

It was also noted that, for the same sized probe (30 µm  ×   
5 µm), the larger polymer coating (200 µm  ×  200 µm) induced 
a more severe chronic astrocyte response than the smaller 
polymer coating (100 µm  ×  100 µm). This was a somewhat 
unexpected result since the coating dimensions are still smaller 
than other coating strategies such as dip coating, or other inser-
tion strategies such as using a needle or other retractable solid 
support. It was expected that the coating would resorb within 
a few hours, and that the influence of the coating dimensions 
would diminish following wound closure. However, it appears 
that the more severe mechanical trauma produced by the larger 
coating let to a sustained increase in the associated acute glial 
reactivity. These results from the chronic time points indicate 
that even though the polymer coating is only a few hundred 
microns in size and degrades within hours, it can also affect 
the long-term astrocyte response. It appears that if the initial 
mechanical trauma is too severe, the size and shape of the 
insertion shuttle can have an impact on the wound healing and 
glial response, perhaps though disruption of blood vessels and 
the blood-brain barrier. The increased damage to the microvas-
culature may sensitize the tissue towards a foreign body insult. 

Figure 9. NeuN intensity over the distance from the center of 
the implantation site for different groups. (A) 72 h post device 
implantation. (B) 24 weeks post device implantation. The shaded 
area represents the standard error for each data point.
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Additionally, a larger wound may not be able to heal and close 
as effectively as a smaller wound and therefore leads to a more 
severe long term glial response. A similar phenomenon was 
reported by Kozai et al in which a biodegradable carboxym-
ethyl cellulose (CMC) was used as the insertion shuttle [7]. 
The wound sites for the majority of the larger CMC shuttles 
(300 µm  ×  125 µm) never closed and induced a severe astro-
cyte response, which aligns with our findings and demonstrates 
the importance of minimizing primary trauma.

We also observed that the microglia response diminished 
around seven weeks, and that there were no significant dif-
ferences in microglia activation among the various groups. 
Microglia are expected to be the main glial cell type residing 
around implantation sites during the acute tissue response 
phase. The mechanical insertion trauma activates microglia 
to phagocytose foreign matter and release inflammatory fac-
tors to aid in injury recovery [89–91]. We hypothesize that 
once the poly mer coating was resorbed, the microglia that 
had initially been activated reverted to a more quiescent phe-
notype (by week seven). Interestingly, a secondary microglia 
response was observed at the 24 week time point with Groups 
3 and 5, which had larger coatings as well as a parylene 
probe. The astrocyte cell population is the main component 
of the long term glial scar layer. However, several studies 
have also shown that the continued presence of a probe could 
also induce microglia activation at longer time points [15, 
14, 92]. Activated microglia that remain around the implant-
ation site would attempt to phagocytose the foreign material 
completely.

The initial insertion trauma may also explain the variability 
in the observed glial cell responses within animals in the same 
group. Although we implanted the probes in the same ana-
tomical regions, the local brain microvasculature structure 
will vary from animal to animal. If a probe happens to shear 
a larger blood vessel during insertion, it may lead to a more 
severe tissue reaction even for a smaller probe or implant size. 
Larger sized coatings are, of course, expected to disrupt more 
blood vessels during insertion which could induce a more 
severe tissue response.

We also evaluated the neuronal loss around the implant ation  
sites for all five groups at the short term (72 h) and long term (24 
week) time points. Only one group (Group 5, 320 µm  ×  5 µm 
probe with the 350 µm  ×  100 µm coating) demonstrated 
appreciable neuronal loss (~20%) at both time points. These 
results are noteworthy as neuronal health is believed to be one 
of the most essential factors for consistent long term signal 
acquisition. Although there is evidence that the glial scar can 
play a beneficial role in encouraging axon regeneration fol-
lowing spinal cord injury [93], there is a general consensus in 
the literature that, for applications with neural recordings, the 
glial scar could disturb the cellular environment and adversely 
affect neuronal health or isolate the probe from adjacent neu-
rons through the glial sheath layer [22, 23]. The minimal 
neuronal loss in this work suggests that functional probes of 
similar materials and dimensions may still be able to acquire 
neuronal signals up to 24 weeks post device implantation. The 
current study only evaluated the glial and neuronal response 
of non-functional probes with the focus on the material and 

the sizes of the polymer coating and probes. Future work will 
evaluate the recording capability of functional probes to fur-
ther investigate the correlation between glial scar formation 
and electrode performance.

There are some limitations in the study that may affect the 
results and thus the conclusions. The overall purpose of this 
work was to parametrically study probe and coating size to 
identify combinations that limit the glial response as a design 
tool for further development of functional probes. In this study, 
all probes were spaced a minimum of 2 mm apart to prevent 
any contiguous or overlapping tissue responses from adjacent 
probes. This can be seen in figures 6(B), (C), 8(B), (C) and 
9, where the normalized staining intensity is always approxi-
mately 1 from 800 µm from the center of the implant ation  
site outward. The probe groups were always implanted at the 
same location to aid in identifying the implantation sites for 
each group. This lack of randomization may affect the glial 
response due to spatial differences in tissue architecture. 
However, in our previously study by Lewitus et al, when the 
sites were randomized, no significant differences in tissue 
response were observed [69]. Further, as seen in figure 2(B), 
Group 2 (80 µm  ×  5 µm probe, 100 µm  ×  100 µm coating) 
and Group 3 (30 µm  ×  5 µm probe, 200 µm  ×  200 µm 
coating), which displayed the greatest differences in gliosis 
were always placed adjacent to Group 1 (30 µm  ×  5 µm 
probe, 100 µm  ×  100 µm coating) either medially or ante-
riorly. Thus, the tissue architecture was not expected to vary 
dramatically between adjacent probes to account for the dif-
ferences in glial responses observed. Finally, the location of 
the 4 mm wide coronal strip of brain chosen for implantation 
was selected due to the relative homogeneity and flatness of 
the cortex in this region (just anterior to bregma). In future 
studies, we can decrease the number of the probes implanted 
in each rat and randomize the implantation sites to adjust for 
the biological difference within the brain.

Another complication arises from the limited number of 
probes implanted in each animal due to the sparse probe spacing 
limiting the number of probes, which could be implanted at a 
time to ten. Since each probe group was implanted in duplicate 
in each animal, we chose five exper imental probe/coating 
groups to explore how the probe and coating dimensions affect 
gliosis including a pure polymer sham control and a large probe 
group with dimensions comparable to other published reports. 
Thus, there is no internal control for the 200 µm  ×  200 µm 
coating size and its influence on gliosis. However, a 
preliminary experiment conducted showed that the glial 
isolation layer around a pure 200 µm  ×  200 µm E5005(2K) 
fast-degrading polymer was minimal four weeks post device 
implantation (data not shown), and the previous work by 
Lewitus et al [69], a 180 µm cast filament was inserted into 
rat brain after four weeks showed a glial response comparable 
to a control craniotomy site (prepped but no implant ation  
conducted). It has been suggested that the polymer degradation 
products may also influence the glial response. This could be 
tested by comparing the glial response of an implanted polymer 
coating of various sizes against a control ‘stab’ wound where 
the filament is immediately removed following insertion as 
was conducted by Potter et al, using silicon probes [94].
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In this work, we demonstrated a method to mechanically 
augment flexible probes during implantation using an ultra-fast 
degrading tyrosine-derived polycarbonate. This polymer may 
be used to coat any neural probe design and does not require 
any modification of the probe fabrication process or design. 
Although the polymer coating size was significantly larger than 
the probe size, our results showed that a pure 100 µm  ×  100 µm 
coating exhibited minimal glial response and neural loss and 
therefore could still be an ideal coating size. Moreover, the 
tyrosine-derived polycarbonate was purely to aid in device 
insertion. The polymer could be further expanded to incorpo-
rate with (1) anti-inflammatory drugs proposed in the literature 
such as Dexamethasone to help stabilize the wound sites for 
better wound healing outcomes [26, 31] or neural cell adhesion 
molecules, such as L1 [33, 34, 95] to help better neuron attach-
ment on the probe for consistent signal acquisition. One advan-
tage of the tyrosine-derived polycarbonate over other polymer 
candidates such as silk [65, 66] or PEG [68] is its highly tun-
able degradation properties [82, 96]. Therefore, the release of 
the drugs or biological molecules can be precisely controlled as 
desired to maximize the effects over an extended period of time.

5. Conclusions

We have developed small and flexible neural probes, coated 
with an ultrafast degrading polymer as a temporary aid to inser-
tion into the brain. The effects of different device parameters 
on glial and neuronal cell response progression were studied 
over an extended time course using non-functional probes. Our 
results support the idea that mechanical trauma from device 
implantation can affect the long-term tissue response. We 
also showed that the use of the rapidly degrading E5005(2K) 
polymer as an insertion shuttle could attenuate glial response 
while remaining amenable to insertion. The tyrosine-derived 
polycarbonate could also be an ideal carrier as a shuttle to 
deliver therapeutics or biological molecules to promote wound 
healing or improve the tissue-electrode interface with highly 
tunable degradation properties. Finally, we have also observed 
that the glial response is not well-correlated to neuronal loss 
around the implantation sites. Future work will investigate the 
recording performance of the probe and its relationship with 
both glial scarring and neuronal response.
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