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1. Introduction

Electrode arrays implanted in the brain have created 
a renaissance in the study of normal and pathological 
brain function. These devices are being developed 
to treat a growing number of medical conditions, 
including Parkinson’s disease, paralysis, Alzheimer’s 
disease, depression, Tourette’s syndrome, deafness, 
blindness, stroke or tinnitus [1–20]. Many of these 
conditions are treated through electrical stimulation, 
where closed-loop systems can provide added 
therapeutic and performance benefits by conditioning 

stimulation based on a recorded ‘trigger’ signal [21]. 
Recorded signals are also used to drive the decoding 
algorithms used to restore function for paralysis 
patients through brain-machine interfaces. While 
many successes in chronic recordings have been 
reported, these devices are characterized by an often 
variable ability to sense or stimulate activity over time 
[22–25]. This variability burdens decoding strategies 
and compromises the fidelity of closed-loop systems. 
The foreign body response to the implant is widely 
believed to be a key underlying source of signal 
instability and loss, where local neuronal loss and 
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Abstract
Innovation in electrode design has produced a myriad of new and creative strategies for interfacing 
the nervous system with softer, less invasive, more broadly distributed sites with high spatial 
resolution. However, despite rapid growth in the use of implanted electrode arrays in research 
and clinical applications, there are no broadly accepted guiding principles for the design of 
biocompatible chronic recording interfaces in the central nervous system (CNS). Studies suggest 
that the architecture and flexibility of devices play important roles in determining effective tissue 
integration: device feature dimensions (varying from ‘sub’- to ‘supra’-cellular scales, <10 µm 
to  >100 µm), Young’s modulus, and bending modulus have all been identified as key features 
of design. However, critical knowledge gaps remain in the field with respect to the underlying 
motivation for these designs: (1) a systematic study of the relationship between device design features 
(materials, architecture, flexibility), biointegration, and signal quality needs to be performed, 
including controls for interaction effects between design features, (2) benchmarks for success need 
to be determined (biological integration, recording performance, longevity, stability), and (3) user 
results, particularly those that champion a specific design or electrode modification, need to be 
replicated across laboratories. Finally, the ancillary effects of factors such as tethering, site impedance 
and insertion method need to be considered. Here, we briefly review observations to-date of device 
design effects on tissue integration and performance, and then highlight the need for comprehensive 
and systematic testing of these effects moving forward.
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encapsulation by a glial ‘scar’ progressively isolate 
devices from signal-generating neural circuitry [26, 27].  
Likewise, newer observations suggest that devices 
impact the function of the remaining neurons at the 
implanted interface [28–30], and implantation in 
motor cortex has produced behavioral deficits in 
rodents [31].

Despite these observations, direct, mechanistic 
links between specific cellular responses in the brain, 
device design features, and chronic performance 
remain to be established. Two central issues impede 
progress: (1) the relationship between the biologi-
cal response to electrodes, and the impact on signal 
quality, is unclear, and (2) the surge in new electrode 
designs, which simultaneously alter multiple attributes 
of the array (materials, feature size, architecture), com-
plicates the ability to assimilate observations across 
studies into guiding principles for electrode design. On 
the first issue, it remains unknown as to which aspects 
of the tissue response determine effective chronic per-
formance. Local neuronal and glial densities are com-
monly used as metrics for assessing biocompatibility, 
but given the complexity of the system, these broad-
based assessments may not provide the level of granu-
larity necessary to identify key biomarkers of device 
performance. Brain cells are highly heterogeneous, 
where neurons can be distinguished based on unique 
structural and functional properties [32, 33]. Likewise, 
non-neuronal cells are more complex than previously 
appreciated, and may respond to implanted electrode 
arrays in unexpected ways. For instance, recent evi-
dence suggests that neuron glial antigen-2 (NG2)-glia 
react to device implantation within the initial days fol-
lowing insertion, exhibiting altered morphology and 
migration toward the interface [34]. Likewise, reactive 
astrocytes can be delineated into unique subclasses of 
phenotypes, with the potential to influence the struc-
ture and function of neural circuitry in distinct ways 
[35]. These cells can exert either positive or negative 
effects on surrounding neurons following injury [36], 
and a recent report distinguishes a pro-inflammatory, 
neurotoxic astroglial subtype from a hypoxia-induced, 
neuroprotective subtype [37]. Injury surrounding an 
electrode can produce differential effects on subtypes 
of neurons as well: shifts in the expression of excitatory 
and inhibitory synaptic transporters reportedly occur 
proximally to devices, indicating a progression toward 
increased inhibitory tone in the tissue surround-
ing chronically implanted electrodes [29]. Likewise, 
observations of sustained calcium influx and changes 
in the expression of voltage-gated ion channels indi-
cate that implanted electrodes may alter the intrinsic 
excitability of the neurons they are designed to inter-
face with [28, 30], illustrating the potential for devices 
to not only affect cellular densities, but also the func-
tion of residual cells at the interface.

Regarding the second issue, recent years have 
seen a veritable explosion in the design strategies that 
characterize implanted electrode arrays. New devices 

can feature a variety of architectures, dimensions, 
insertion strategies, materials, and modifications as 
they push the boundaries of neural interface design. 
However, the relationship between complex biologi-
cal effects and the design attributes of the implanted 
electrode array remains undefined, even for relatively 
traditional designs and metrics of tissue response. 
Studies which directly and systematically test the effect 
of new design features in isolation on the biological 
response to implants are generally scarce, which is 
a problem compounded by the differing materials, 
bending stiffnesses, and feature sizes of recent ‘next-
generation’ devices at the forefront of neural engi-
neering research. As such, many of these devices utilize 
a wholly unique blend of characteristics that make it 
difficult to empirically determine which of the chosen 
features contribute to the observed tissue response. 
Furthermore, it is generally unclear whether or not 
any observed improvements in biocompatibility 
translate to improved chronic performance. Here, we 
review the state-of-the-art in electrode design, as well 
as the knowns and unknowns related to the biological 
response to key design features, to frame a discussion 
on the necessary next steps to formalize guiding prin-
ciples for biologically-integrated electrode design.

2. Electrode design parameters: state-of-
the-art

It is well documented that traditional metal- and 
silicon-based probes often elicit an undesirable 
immune response, typified by local neuronal loss and 
glial reactivity [26, 27, 38]. These observations have 
motivated the design of ‘next-generation’ devices 
which utilize sizes and materials that are smaller and 
more flexible than the standard approaches, and 
generally depart from more traditional designs in 
a variety of aspects, including unique architectures 
and insertion methods [39]. The novel approaches 
represented in next-generation devices seek, in part, to 
remedy the inconsistencies in the chronic performance 
of traditional probes. The current state-of-the-art 
encompasses a wide range of device attributes which 
are coupled to a relatively limited subset of biological 
assessments. Some of these next-generation devices 
have the potential to be commercialized and made 
accessible to the general public in the future. For ethical 
reasons, it is important that the biological impacts 
of new designs be better understood before next-
generation devices are implanted long-term in human 
patients [40]. We have assimilated a description of 
design components of a variety of devices in table 1 
and figure 1, and describe their features and reported 
effects on tissue response.

2.1. Metal based electrode arrays
2.1.1. Microwires
Microwires are traditionally fabricated from 
insulated stainless steel or tungsten wires, with 
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diameters typically ranging from 50–100 µm. As 
an early recording technology, detailed histological 
assessments of these devices were initially reported 
in the 1950s [41]. Collias and Manuelidis reported 
observations of marked hemorrhagic necrosis 
surrounding stainless steel microwires (~130 µm 
diameter) implanted in the cat brain at 24 h post-
insertion, followed by neovascularization, microglial 
activation, demyelination, and astrocyte encapsulation 
in the following weeks. The tissue response became 
stable between the two- and six-month time 
points, and changes in glial and myelin appearance 
surrounding the device were generally unremarkable 
following the first month. A similarly stable chronic 
tissue-microwire interface was reported in the late 
1990s, when Liu and McCreery described the response 
to Epoxylite-insulated, 50 µm diameter platinum-
iridium lead wires with iridium electrodes following 
implantation into the cat brain [42]. Based on the 
stability of the detected waveform shape, the authors 
reported that, ‘after implantation, the electrode-tissue 
interface may change from day-to-day over the first 
1–2 weeks, week-to-week for 1–2 months, and become 
quite stable thereafter’ [42]. Post-mortem histology 
displayed minimal gliosis, thin fibrous encapsulation 
(~2–8 µm thick), and typically good proximity of 
electrode tips to local neurons (often within ~30–50 
µm of the recording site). A more recent histological 
study of single stainless steel microwires insulated 
with Epoxylite (75 µm diameter tapered to a 1 µm tip) 
implanted in rat cortex revealed persistent blood brain 
barrier leakage and inflammation throughout a twelve 
week time course [43]. Interestingly, neuronal loss 
and glial reactivity were relatively stable throughout 
the study, although the glial fibrillary acidic protein 
(GFAP)-positive region surrounding devices became 
more compacted and localized over time. This latter 
result deviates from the pronounced, progressive 
neuronal loss and glial encapsulation that are often 
observed surrounding silicon-based micromachined 
arrays.

2.1.2. Silicon-based shank arrays
‘Michigan’-style arrays (figure 1(A)) are 
micromachined planar devices with a tapered shape 
terminating in an apex with variable shank dimensions 
(commonly ~120 µm maximum width  ×  ~15–50 
µm thickness, with length determined based on the 
target structure of interest). These devices consist 
primarily of silicon with either iridium or platinum 
recording sites, where metal sites are deposited onto 
conductive traces (typically polysilicon, insulated 
with silicon dioxide and silicon nitride) embedded 
in the silicon shank [44, 45]. A key advantage of the 
technology is that the fabrication approach enables 
devices to be readily customizable into a wide variety 
of configurations (multi-shank, multi-modal, unique 
site configurations, etc). In an initial study which 
characterized the recording quality of these devices, 

unit activity was detected with subject-dependent 
longevity up to a  >4 month period [45], where over 
90% of individual sites registered detectable unit 
activity. Nevertheless, results can be variable, and these 
electrodes are associated with an observable tissue 
response. A seminal study by Biran et al reported ~40% 
loss of neurons within the estimated recordable radius 
of the device and persistent microglial activation 
present over a four week implantation period [38, 46].
More recently, high-density silicon-based shank arrays 
have been developed by Masmanidis and colleagues, 
using newer fabrication techniques to achieve a 
minimum feature size of 0.4 µm (the minimum 
width of the conducting gold wires) [47]. The silicon 
shank had a geometry similar to more traditional 
‘Michigan’-style arrays, with dimensions measuring 
7mm  ×  86 µm  ×  23 µm. The silicon shank supported 
0.1 µm thick gold traces insulated by 0.5 µm thick 
layers of silicon nitride, and gold recording sites 
measuring 10 µm  ×  10 µm in area. Individual shanks 
were separated by ~300 µm patterned with 37 µm site 
spacing, allowing dense sampling of neural activity of 
various brain regions in mice (1024 sites implanted 
in total) [47]. While chronic recording performance 
and tissue response have yet to be fully characterized, 
and the biocompatibility of this device has yet to be 
characterized in vivo, the technology is promising for 
its ability to sample neuronal activity with high spatial 
resolution.

The Neuropixels probe (figure 1(C)) is another 
example of a high-density, silicon-based array and 
features  >900 multiplexed channels on each indi-
vidual shank [48]. The device physically resembles 
the Michigan array and has been developed to further 
improve the recording capabilities of current designs. 
The device is 70 µm wide by 20 µm thick with 960 
titanium nitride (TiN) semiconductor recording sites 
located along the length of the array. Each TiN record-
ing site is approximately 12 µm  ×  12 µm with a thick-
ness of 120 nm. The Neuropixels probe has significant 
recording advantages over the more traditional sili-
con-based Michigan array with respect to the unprec-
edented number of recording sites [49]. Preliminary 
data suggest that the recording capability of the device 
remains stable out to 60 d in vivo, and viable signals 
were obtained for 153 d in an exemplary animal [48]. 
Histological and other biocompatible metrics have 
yet to be utilized to evaluate the Neuropixels probe, so 
the precise measure of biocompatibility has yet to be 
determined.

2.1.3. Utah arrays
The Utah microelectrode array was developed by 
Normann and colleagues at the University of Utah 
(figure 1(B) [50–53]). The body of the device is doped 
(i.e. conductive) silicon, etched into 100 microneedles 
with SiO2 insulating channels between them. They 
have an insulating layer of Parylene-C along most of 
the length. The base of each needle is approximately 
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Table 1. Overview of device design features and calculated bending stiffnesses. Bending stiffness was evaluated as previously described in 
[97].

Device Components Material

Dimension  

(width µm)

Thickness  

(nm)

Young’s  

modulus  

(gPa)

Bending  

modulus  

(N M−1) Reference

3D  

macroporous 

probe

Longitudinal  

interconnects

SU-8 7 800 2 6.64  ×  108 Xie et al [72]

Cr 5 1.5 140 9.48  ×  108

Au 5 100 79 5.69  ×  108

Transverse scrolling SU-8 10 400 2 5.93  ×  109

Cr 3 10–20, 1.5 140 2.37  ×  108

Pd 3 80 16 3.56  ×  102

Device bend arms SU-8 6 800 2 2.37  ×  102

Cr 4 1.5/30–50 140 2.44  ×  103

Pd 4 80 16 3.06  ×  103

Sensor metal contact SU-8 5 800 2 5.00  ×  102

Cr 4 1.5 140 6.88  ×  101

Pd 4 50–80 16 1.85  ×  101

Pt 4 100 168 1.48  ×  107

Syringe inject-

able probe

Polymer ribbons SU-8 5–20 µm 350–400 2 2.37  ×  105 Liu et al [73], Schuhmann 

et al [74,75], Zhou et al 

[76]

Au 2–10 µm 100 79 9.28  ×  101

Cr 2–10 µm 5 140

Flexible 

parylene based 

multi  

electrode array

Planar shank  

(150 µm)

Parylene 150 20 000 3.2 Xu et al [79, 80]

Pt 45 200 168

Planar shank  

(100 µm)

Parylene 100 20 000 3.2

Pt 45 200 168

Polyimide Planar shank Polyimide 80 12 000 2.5 Chung et al [87],  

Dimensions: Tooker et al 

[85, 86]

Ti/Au/Pt 6 300 168

Polyimide 61 12000 2.5

Pt 6 300 168

Carbon na-

nowire

Nanowire C 7 7000 234 Patel et al [92, 93]

All diamond 

ultramicro-

electrode

Polycrystalline 

diamond

(PCD) C 25 6000 1000 Rusinek et al [95]

Boron-doped 

diamond

(BDD) C 19 3700 1000

Michigan 

probe

Planar shank (thick) Si 123 15 000 179 Biran et al [38]

Planar shank  

(tapered)

Si 33 15 000 179

Nanoelec-

tronic thread 

(NET-e-i)

Subcellular thread 

(min)

SU-8 8 800 2 Luan et al [100], Xiaoling 

et al [87]

Au 0.2 16 79

Cr 0.2 4 140

Subcelular thread 

(max)

SU-8 8 1000 2

Au 0.2 200 79

Cr 0.2 6 140

(Continued)
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80 µm in diameter and a common geometry has 
needles 1–1.5 mm long at 400 µm pitch, though other 
geometries are possible. Tip metallization can be 
platinum or iridium based. The flat top of the device 
with a flexible wire bundle at a right angle to the 
needles enables it to ‘float’ with a brain that moves with 
respect to the skull, which made it well suited for use in 
primate brains [54, 55]. This device was brought under 
a quality management system throughout the early 
2000s [56] for use in the Braingate clinical trial [57]. 
It has since become the most widespread implant used 
in humans. A recent literature search reveals 48 human 
implants as of 2018 [58], primarily in epilepsy or 
intraoperative studies, with 18 chronic implants done 
for a mean number of 578 d under an investigational 
device exemption (e.g. [17–19, 59–61]).

However, due to predominant use in large animals 
and humans, very little is known about the long-term 
immune response of these devices. Early studies in 
cat visual cortex suggested that scarring was limited 
to  <10 µm from the electrode [51, 62]. Also, both 
human and monkey experiments are typically con-
ducted across years, long after the 6–8 week period of 
scar formation, sometimes for as many as 5–7 [63–65]. 
This suggests that at least a subset of neurons survive 
the scarring process. However, based on rodent stud-
ies [66–68], we know that the scarring and even long 
term remodelling may be substantial [53]. This has 
likely been limiting the neuronal yield of these devices 
from the beginning. Gradual degradation after 8 weeks 
may be dominated by materials failures [69, 70] due to 
a warm, salty environment across many years [71].

Figure 1. Device designs and histological metrics used in the field vary widely. Device materials, architectures, and dimensions 
encompass a broad design space, including ‘traditional’ and high-density silicon- and metal-based arrays (A)–(C), mesh arrays (D)–
(E), polymer (F)–(I), and carbon-based (J)–(L) electrodes. Accompanying histological images, located below device images, typically 
include, but are not limited to assessments of neuronal and glial densities surrounding implant sites, however, the choice of histology 
often varies by research group. Detailed commentary and associated references on the devices represented in this figure can be found in 
section 2. NF: neurofilament, Iba-1: microglia, EBA: endothelial barrier antigen (Blood Brain Barrier), Hoechst: nuclei, NeuN: neuronal 
nuclei, NeuroTrace: neurons, B-Tubulin-III: neuronal microtubules. (A) Reprinted from [38] © 2005, with permission from Elsevier. 
(B) Reprinted from [50] © 1996, with permission from Elsevier and [53] © IOP Publishing Ltd. All rights reserved. . (C) [48] Copyright 
© 2017, Springer Nature. (D) [72] Copyright © 2015, Springer Nature. (E) reproduced with permission from [76]. (F) [81]. (G) [87]. 
(H) [88]. (I) [89]. (J) [90]. (K) [91] © IOP Publishing Ltd. All rights reserved.  [93] Copyright © 2012, Springer Nature. and (L) [95].

Sewing ma-

chine thread 

electrode

Subcellular thread Polyimide 16 4000 2.5 Hanson et al [89]

Pt 4 130 168

SiO2 16 200 75

NeuroPixels Planar shank Si 70 20 000 179 Jun et al [48], Lopez et al 

[49]

TiN 12 120 ~200

Device Components Material

Dimension  

(width µm)

Thickness  

(nm)

Young’s  

modulus  

(gPa)

Bending  

modulus  

(N M−1) Reference

 Table 1. (Continued )
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2.2. Polymer and next generation electrode arrays
2.2.1. 3D macroporous probe
A common goal in the design of ‘next-generation’ 
devices is to employ flexible substrates with small 
feature sizes to close the gap in the mechanical 
mismatch between devices and host tissue. The three-
dimensional (3D) Macroporous Probe developed by 
Charles Lieber’s group is a two-dimensional mesh 
that has been folded into a semi-cylindrical shape 
with a blunted end. This device has a greater structural 
complexity when compared to standard shank 
devices. The bulk of these devices is composed of an 
insulating SU-8 photoresist layer. For added structural 
integrity and flexibility, multiple aspects of this design 
also include palladium and chromium within non-
recording, global ‘scrolling’ elements. This electrode 
is complex, and consists of multiple components 
including the ‘longitudinal interconnects’, ‘transverse 
scrolling’ elements, ‘device bend arms’, and the 
sensor contacts (see figure 1(D)). The longitudinal 
interconnects of the device comprise the majority of 
the device. The longitudinal component consists of an 
800nm thick by 7 µm wide ribbon of SU-8 photoresist 
with a 100 nm gold metal trace with a width of 5 µm. 
The transverse element is a ribbon of SU-8 photoresist 
of the same thickness but a greater width (10 µm). 
The transverse element maintains the structure and 
flexibility of the device and contains a palladium/
chromium core with a thickness of 80nm and width 
of 3 µm. The device bend arms house the recording 
elements (100 nm thick platinum sites which are 4 µm 
wide), which extend outward from the main structure 
following implantation. The bend arms provide the 
unique feature of allowing the recording elements 
to drift away from the body of the device, potentially 
escaping downstream immune response. Insertion of 
this device was facilitated by flash-freezing in liquid 
nitrogen to temporarily maintain structural stability 
during implantation.

Following implantation, the macroporous probe 
shows an initial void of tissue following injury at acute 
timepoints. This void appears to regenerate after five 
weeks with a sustained, but modest level of gliosis sur-
rounding the device. Histological analysis suggests that 
neuronal cell bodies and glia are present in close prox-
imity to the device both within and outside the struc-
ture of the mesh. The results presented by this device 
design appear to be markedly better than traditional 
planar device architectures [39, 72].

2.2.2. Syringe injectable probe
In addition to the macroporous probe, syringe-
injectable electronics have been developed by Lieber’s 
group (figure 1(E)). Much like the 3D macroporous 
probe, the syringe injectable probe is a 2D mesh 
made from planar ribbons of polymer and metal with 
incorporated recording elements. The bulk material 
of the syringe injectable mesh is SU-8 photoresist 
with internal metal components that include trace 

chromium, gold interconnects, and platinum 
recording sites. The SU-8 ribbon has a total thickness 
of 800nm and ranges from 5 µm to 20 µm wide. The 
metal traces of chromium and gold have a cumulative 
thickness of 105nm and a width that ranges from 
2-10 µm [39, 73–76]. Histological evaluation shows 
that the syringe injectable mesh has improved 
biocompatibility in comparison to planar polymer 
thin-film probes. Over a three-month time period, the 
injectable mesh has a smaller footprint than planar 
polymers. Syringe injection of the electrode mesh has 
a noticeable footprint at the 2-week time-point that 
is represented by loss of neuronal nuclei, disruption 
of neuronal processes, and an increase in proximal 
astrocytes. However, the footprint of the mesh is 
relatively much smaller than the polymer thin-film 
that was used as a comparison. The improved tissue 
integration becomes more apparent at the four-week 
and three-month timepoints. The planar polymer 
control exhibits a stereotypical chronic immune 
response with an increased loss of neuronal cell types 
and a much larger accumulation of astrocytic scar 
tissue by the three-month time-point. The mesh 
probe, however, at four-weeks and beyond shows a 
regeneration of neuronal processes into and around 
the electronic mesh and a disappearance of GFAP 
positive cells. The four-week timepoint suggests that 
neuronal density is still diminished near the device, 
but histology at the three-month time-point shows 
that neuronal cell bodies are present proximally and 
within the structure of the mesh [39]. This concept 
of creating finely featured devices that mimic 
the structure of neuronal morphology has also 
been expanded on in the form of the ‘neuron-like 
electronics’ (NeuE) probe [77].

In a unique approach, Trevathan et al have devel-
oped a new strategy for an ‘injectable electrode’ [78]. 
This novel electrode uses an uncured solution con-
taining conductive elements which polymerizes into a 
functional neural interface following injection into the 
body. The cured polymer interface is highly compliant 
and can encapsulate target nerves. These devices were 
evaluated using a battery of tests to characterize the 
electrical and mechanical performance characteristics. 
Sufficiently percolated material with a silver content 
level of at least 65% w/v was found to have an imped-
ance of less than 10 MΩ, whereas ‘injectrodes’ with sil-
ver content below 65% maintain much higher imped-
ances. The estimated Young’s modulus of a cured 
injectable electrode is 65 kPa, which is orders of mag-
nitude lower than traditional electrode materials such 
as silicon. Injection of this device could theoretically 
be altered to form specifically sized features to enhance 
biocompatibility. Histological results are limited and 
no observations have been reported to-date outside of 
the peripheral nervous system. Additional characteri-
zation is needed to fully assess the biocompatibility of 
this device, particularly for future applications in the 
brain.

J. Neural Eng. 17 (2020) 021001
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2.2.3. Flexible Parylene-C
Ellis Meng’s research group has reported a flexible 
Parylene-based array (figure 1(F)) to chronically 
record from the rat hippocampus. The recording sites 
of the hippocampal array are precisely laid out to match 
the unique shape of hippocampal projections. This 
array consists of tapered planar shanks with embedded 
platinum traces and recording sites. The proximal 
area of the Parylene probe is approximately 20 µm 
thick and 150 µm wide. The 150 µm shank tapers 
down to an approximate 100 µm width. The platinum 
recording sites are 200 nm thick and approximately 
45 µm wide. The changes in bending stiffness (the 
measured material resistance towards deformation) 
along the taper are considered to be negligible [79]. 
Parylene devices successfully recorded single unit 
activity throughout the entirety of a one-month 
period, and some observations suggest that Parylene 
devices can remain viable in vivo out to one year. While 
the chronic histological evaluation of these devices 
has yet to be fully characterized, Parylene-C has been 
designated as a class VI United States Pharmacopeia 
biocompatible material [79, 80]. Histological analysis 
was performed on implanted brains at time points up 
to one-month post implantation. Initial histological 
results and cresyl violet stains suggest that properly 
implanted Parylene devices display minimal tissue 
reactivity aside from a suspected microglia sheath at 
one-week post implantation.

Meng’s group has also developed a Parylene sheath 
electrode that can be implanted with the aid of an 
assistive microwire. This device is approximately 7-10 
µm thick with a width that tapers from 300 µm to 50 
µm. Each sheath contains 8 platinum electrodes with 
a 45 µm diameter. The sheath structure also contains 
perforations that allow tissue to invade the structure 
of the device and to facilitate cellular signalling across 
the Parylene structure. This device can be coated with 
a variety of bioactive components such as Matrigel 
to potentially further enhance biocompatibility. This 
electrode has been reported to detect activity in vivo 
for up to 50 weeks [81].

Histological evaluations from alternate Parylene-
based devices have shown generally good tissue inte-
gration and biocompatibility. Seymour and Kipke 
published a seminal report which explored the impact 
of feature size on tissue response using a Parylene-
coated, ‘Michigan’-style device using an SU-8 back-
bone [82]. Here, electrodes are displaced from the 
main shank using support arms with varying dimen-
sions; importantly, neuronal loss and gliosis were 
mitigated surrounding the subcellular features of the 
device. Purcell and Seymour explored the idea of a 
hollowed-out, planar, Parylene-coated probe designed 
to incorporate a neural stem cell-seeded scaffold [83]. 
The two main arms of the device are bulk SU-8 with a 5 
µm thick Parylene-C coating on each face. The total of 
the support arms are 42 µm thick and 45 µm wide. The 
hollow structure that houses the alginate scaffold has 

a 110 µm width and variable thickness. When seeded 
with stem cells, the devices resulted in an initially 
decreased acute immune response and an increase in 
neuronal densities following implantation. The mode 
of influence may be a ‘bystander’ effect (providing 
trophic support) rather than direct differentiation 
and integration into surrounding tissue [84]. How-
ever, these effects were transient, and the increase in 
neuronal density declines beyond six-weeks, at which 
point neuronal densities more closely match control 
conditions and glial encapsulation becomes present 
around all devices.

2.2.4. Flexible polyimide
Intracortical polyimide-based devices were described 
roughly two decades ago by Rousche and colleagues, 
who initially reported successful, short-term recording 
capabilities of devices fabricated with standard 
photolithographic techniques [85]. Characterization 
of the devices was relatively limited, but a variety 
of architectures were presented, including devices 
presenting embedded wells for delivery of bioactive 
substances. Recently, the flexible polyimide probe 
designed by Loren Frank’s group has advanced the use 
of polyimide based-devices as previously described 
(figure 1(G)) [84–86], demonstrating efficacy in 
recording unit activity over a ~5 month time frame. 
The device is a 16 channel planar shank device with 
a total width and thickness of 80 µm and 14 µm, 
respectively. The bulk material used in this approach is 
polyimide with a total thickness of 12 µm and a width 
of 80 µm. The trace metals used consist of titanium on 
gold with either platinum or iridium recording sites. 
The trace metals share a thickness of approximately 
300 nm at 6 µm wide. Additionally, polyimide is a 
compatible material surface for the utilization of 
bioactive surface modification [86]. The polyimide 
device was capable of recording single units over a 
period of 283 d post-implantation, albeit with a decline 
over time. This device has yet to be fully characterized 
by histology in vivo, but available coronal histology 
shows an apparent lack of astrocyte encapsulation of 
the device after 160 d post-implantation. The extent of 
the glial encapsulation has yet to be directly compared 
to standard technologies [86].

2.2.5. SU-8 nanoelectronic thread electrodes
The Xie lab has created an SU-8 based electrode 
by utilizing both photolithography and electron 
beam lithography (EBL) (figure 1(H)). These 
‘nanoelectronic thread’ (NET) electrodes can be 
fabricated with dimensions as small as 0.8 µm  ×  8 µm 
[88]. This device is also inserted with the aid of a shuttle 
device that interacts with the implanted electrode in a 
similar way that a sewing needle interacts with thread. 
The shuttle device is made from a  <10 µm diameter 
carbon fiber with a smaller 3 µm diameter tip that has a 
length of 4 µm. The shuttle device engages with a micro-
hole at the apex of the NET electrode and disengages 

J. Neural Eng. 17 (2020) 021001



8

C H Thompson et al

from the electrode as the shuttle is retracted after the 
target depth is reached. This device was inspired in 
an effort to expand on the capabilities of devices such 
as the Utah array. The NET electrode consists of two 
insulating 300–500 nm layers of SU-8 fabricated with 
photolithography, as well as EBL-defined 100 nm gold 
interconnects and a 2–3 nm chromium adhesion layer. 
Histological evaluations were performed at two- and 
four-months post-implantation. 3D reconstruction 
of vasculature surrounding implanted NET electrodes 
suggest that there is no significant leakage of capillary 
networks at chronic timepoints. Other histological 
evaluations of neuronal morphology show that the 
subcellular NET electrodes can form tight interfaces 
with neuronal populations without any apparent 
disruptions to neuronal morphology. At four months 
post-implantation, any reduction in neuronal cell 
density is likely recovered as observed by neuronal 
nuclei stains. Insertional trauma has yet to be reported, 
but chronic histology does suggest that damage to the 
tissues surrounding implanted devices recovers in a 
promising way. Histological evaluation of gliosis has 
yet to be reported using these devices.

2.2.6. ‘Sewing machine’ polymer probe
This approach uses small thread electrodes made from 
polyimide (figure 1(I)), similar to the NET probe,and 
utilizes an automated insertional shuttle in the form 
of a ‘sewing machine’ style device [89]. The robotic 
sewing machine device is designed with the goal to 
reliably implant devices with minimal vasculature 
damage through the aid of an Erythrosin-B saline stain 
of the dura. The ability of these devices to be robotically 
implanted with high levels of fidelity is highly attractive 
in biomedical and research applications. The device 
is fabricated from two separate layers of 2 µm  ×  16 
µm polyimide, platinum or gold traces 130 nm  ×  4 
µm, 400 nm copper, 5–6 µm Parylene, and a hard 
mask of 200 nm silicon dioxide on the basal side of the 
electrode. The total width of the shank is 16 µm with 
a total thickness of approximately 10 µm. Preliminary 
histology conducted on slices surrounding these 
devices suggest that astrogliosis is also present near the 
implanted sewing machine devices. However, detailed 
analysis of biocompatibility at chronic timepoints has 
yet to be reported using the devices.

2.2.7. Polymer microwire
Tracy Cui’s ultra-soft polymer wire electrode 
(figure 1(J)) is a combination of poly(fumaric 
acid-co-1,7-octadiene diepoxide-co-terephthalic 
acid) polyethylene glycol (PFOT-PEG) and 
polydimethysiloxane (PDMS). The ultra-soft 
microwire was designed largely due to the historical 
mechanical mismatch between neural tissues and 
traditional devices. The ultra-soft microwire electrode 
array has a diameter of 125 µm and is fabricated via 
extrusion of poly(3,4-ethylenedioxythiophene) 
polyethylene glycol (PEDOT-PEG) conducting 

polymer and PDMS through a 29-gauge syringe 
needle. The resulting Young’s modulus for these 
soft microwires is 974 kPa. Following extrusion, 
electrodes are coated in fluorosilicone. The device was 
implanted via a stainless steel shuttle and evaluated 
in the brain for either 1 or 8 weeks [90]. Results 
were compared to relatively stiff tungsten devices of 
identical size and shape. The soft electrodes facilitated 
neuronal adherence to the outer surface without 
any apparent deleterious effects. In situ imaging of 
sectioned microwire electrodes showed that neurons 
surrounding the device underwent significantly less 
deformation when compared to stiff metal electrodes. 
Over the course of 8 weeks, tissue surrounding the 
microwire electrodes displayed fewer microglia and 
macrophages (Iba-1), reactive astrocytes (GFAP), 
and less evidence of cleaved caspase-3 (a marker of 
neuronal apoptosis) or distortion of mature axons 
(NF200). Blood brain barrier (BBB) leakage also was 
reduced around the soft electrodes compared to stiff 
electrodes. Devices were explanted at each timepoint 
and histologically stained to characterize cellular 
adhesion to the device. In general, soft devices showed 
a greater level of adherent cells after explant compared 
to stiff devices. Of the cell types analyzed, beta-tubulin 
positive neural cells appear to make up the bulk of 
adherent cells [90].

2.2.8. Carbon microthread electrode (MTE)
In 2012, Kozai and colleagues reported the 
chronic recording performance of a novel, carbon 
fiber-based recording electrode with subcellular 
dimensions [91]. The device was an ultra-small 7 µm 
diameter carbon fiber with a conductive poly(3,4-
ethylenedioxythiophene) (PEDOT) coating at 
the distal end for recording and an insulating bulk 
coating of 800 nm poly(p-xylylene) and 50nm 
poly((p-xylylene-4-methyl-2-bromoisobutyrate)-
co-(p-xylylene)). While carbon has a Young’s 
modulus of ~200 GPa, it has a competitive composite 
bending stiffness at a 7 µm diameter (table 1). As 
such, this microelectrode is relatively flexible, but 
it can be implanted into the cortex with the aid 
of an assistive insertion device [91]. Chronically 
implanted MTEs show a markedly improved tissue 
response compared to implanted silicon-based 
‘Michigan’ probes, with greater interfacial neuronal 
densities and lower accumulation of proximal 
astrocytes, microglia, and endothelial cells. Such 
improvements in biocompatibility may be due, 
in part, to the relatively small footprint of this 
device. The MTE is one of the smallest freestanding 
implantable devices, and therefore, it is able to 
‘stealthily’ interface with the brain by minimizing 
BBB disruption and tissue displacement. In addition 
to being relatively biocompatible, MTEs have been 
shown to provide stable recordings out to 5 weeks 
in vivo and are also capable of single unit recordings 
[91].
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More recently, Paras Patel and Cynthia Chestek 
have further developed this technology through the 
testing of different tip coatings (figure 1(K)), fabri-
cating MTEs into an array configuration, and eval-
uating the array in vivo. First, MTEs were coated 
in poly(3,4-ethylenedioxythiophene):p-toluene 
sulfonate (PEDOT:pTS) as opposed to poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) 
(PEDOT:PSS) and were aged at an accelerated rate 
in a heated bath. Overall, the PEDOT:pTS devices 
were found to have more extended longevity than the 
PEDOT:PSS probes and were selected for chronic in vivo 
characterization [92]. The new arrays consisted of 16 
MTEs in a 2  ×  8 configuration with a pitch of 152.4 µm. 
Insertion of the arrays was accomplished with a sacrifi-
cial layer of polyethylene glycol (PEG) that encapsulated 
the MTEs during insertion, but was dissolved just as the 
fibers penetrated the brain [93]. Chronic implant ation 
of the arrays showed similar neuronal survivability 
around the device interface and reduced foreign body 
response as seen in Kozai et al [94]. While the devices 
maintained recording fidelity out to 112 d [93], there 
is still a disconnect between the nearly non-existent 
immune response and the overall recording yield/lon-
gevity. These results indicate that while mitigating tissue 
response plays an important role in long-term record-
ing yield, other factors such as tip coating preparation 
and the stability/degradation thereof, may also be criti-
cal to chronic electrode performance.

2.2.9. Diamond ultramicroelectrode
Diamond is an emergent electrode material 
owing to its biocompatibility and suitability for 
both electrophysiological and neurochemical 
measurements. On the latter point, the wide potential 
window, low capacitance, and low background 
current of conductive, boron-doped polycrystalline 
diamond (BDD) are attractive features for fast scan 
cyclic voltammetry for neurotransmitter detection 
[95]. Li and colleagues have fabricated an all-diamond 
electrode array featuring a BDD core that is insulated by 
a thin layer of polycrystalline diamond (PCD) (figure 
1(L)). The internal BDD core is 3.7 µm in thickness 
and 19 µm wide, and including PCD insulation, shank 
dimensions are approximately 6 µm thick by 25 µm 
wide (although, devices can be fabricated in a range of 
feature sizes). PCD is a mechanically robust material 
with a Young’s modulus of approximately 1000 GPa. 
Despite the exceptionally high Young’s modulus, the 
ability to fabricate devices with subcellular dimensions 
(<10 µm) allows for these devices to maintain a 
reasonable bending stiffness [95]. Histological 
characterization of these devices in vivo is ongoing.

3. The relationship between electrode 
features and biocompatibility

Assimilating the impacts of electrode features 
on biointegration is challenging due to the wide 

assortment of next-generation electrodes under 
development and the lack of standardized testing 
regimens across laboratories. Here, we review reported 
observations linking electrode features to histological 
outcomes and describe strategies to modify probes to 
improve tissue integration.

3.1. Stiffness and feature size
Studies suggest that the architecture and flexibility of 
devices play important roles in determining effective 
tissue integration: device cross-sectional dimensions, 
Young’s modulus, and bending stiffness have all been 
identified as key features of design. An early study by 
Szarowski et al indicated that initial insertion damage 
and reactivity within the first week of implantation is 
proportional to the cross-sectional area of the device, 
but that responses were insensitive to device geometry 
in the chronic assessment period (>4 weeks) [96]. 
The authors concluded that they had observed, ‘an 
early response that is proportional to device size and 
a sustained response that is independent of device 
size, geometry, and surface roughness’. However, in 
support of the importance of device dimensions in 
determining tissue response, later studies revealed 
that gliosis and neuronal loss were mitigated when 
device features were reduced to a subcellular scale 
(~5 µm thickness) [82]. Likewise, 7 µm diameter 
insulated carbon fibers with PEDOT-functionalized 
electrode tips display a negligible tissue response, 
which may be attributable to their minimal footprint 
[91]. In combination, these observations suggest that 
electrodes with subcellular dimensions (≲10 µm) 
result in improved tissue response. Reduced Young’s 
modulus has also been credited with improved tissue 
integration, based on studies that have examined 
the response of BBB leakage, as well as microglia/
macrophage, astrocyte, and neuronal densities 
proximal to various planar probes of differing 
stiffnesses. In experiments in which devices ranging 
from 6 MPa to 150 GPa were evaluated, the foreign 
body response appeared to plateau at stiffnesses of 
1.5 GPa and below [97]. Nevertheless, a recent meta-
analysis indicated that it was not feature size or Young’s 
modulus that most strongly determined the degree 
of tissue response, but rather bending stiffness [98], 
which incorporates feature dimensions, ‘softness’/
Young’s modulus, and cross-sectional shape into its 
calculation. In summary, combining observations 
across these initial studies indicates that smaller, softer 
devices favor improved tissue integration. However, 
studies which directly assess the impact of device 
features on biocompatibility are relatively scarce and 
disparate in methodology, and questions remain 
regarding the generalizability of observations and 
underlying mechanisms.

For instance, the primary motivator for the 
movement toward softer, more flexible electrodes is 
to remove the mismatch in mechanical properties 
between brain tissue and devices, thus creating a more 
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seamless interface. However, a first question pertains 
to what, exactly, are the mechanical properties of brain 
tissue? Since it is difficult to quantify the mechanical 
properties of human brain tissue in vivo and in situ, lit-
erature characterizing brain tissue mechanical proper-
ties are widely varying. A myriad of tissue preparation 
methods [99–102], temperature [103–105], post-mor-
tem times [102, 105, 106], and testing such as rheom-
etry [107–109], magnetic resonance elastography 
(MRE) [107, 108, 110], shear wave elastography [111], 
and atomic force microscopy (AFM) [106, 109, 111], 
are used, resulting in a range of values, 35–422 100 000 
Pa [112], that vary by eight orders of magnitude (sum-
marized in supplementary table 1 (stacks.iop.org/
JNE/17/021001/mmedia)). Many characterization 
studies occur not in the human brain, but in animal 
models such as rats and mice, which further compli-
cates this view since murine models have fewer stria-
tions, surface area, different pharmacokinetic profiles, 
and distinct structural organization in comparison to 
human brains [113, 114]. These uncertainties make it  
challenging to accurately predict the desired elastic 
modulus to minimize micromotion at the implant-
ation site and adequately ‘match’ the properties 
of brain tissue. Furthermore, neurosurgeons have 
reported regional variation in stiffness in the brain 
[115], which suggests that, depending on the function 
of the probe and the area in which it is implanted, that 
each probe may require a different design.

Nevertheless, polymer, hydrogel, and nanocom-
posite-based materials have been introduced as possi-
ble solutions to create softer devices and facilitate tissue 
integration [116]. The use of Parylene-C and poly-
imide is primarily motivated by the improvement in 
Young’s modulus in comparison to metal- and silicon-
based electrodes (table 1). Likewise, hydrogel coat-
ings have been implemented to create a softer, more 
tissue-friendly interface [117]. Newer approaches 
utilize materials that are initially rigid (facilitating 
insertion), but transition to more compliant materials  
following contact with the in vivo environment. 
Hybrids and composites, such as nanocompos-
ites based off of the architecture and structure of sea 
cucumber dermis [118], allow for mechanical tun-
ing in vivo [119]. Polyvinyl acetate structures enable 
changes in electrode compliancy to minimize the 
foreign body response [118, 120] via this mechanism. 
The biomimetic nanocomposite is comprised of a low 
modulus polymer and cellulose-based nanowhisk-
ers that swell when hydrated or inserted in the brain, 
resulting in a decreased modulus due to increased 
water content by volume, on a timescale of 5 min. The 
tissue response was characterized by a 50 µm neu-
ronal ‘kill zone’ and a decrease in glial reactivity [121, 
122]. Similarly, thio-ene/acrylate substrates, polym-
erized via click chemistry reactions on the surface of 
the probe decrease shear modulus from 460 MPa to 
2.3 MPa. Softening of the substrate upon hydration, 
a week after implantation, facilitates neural function 

[123]. Substrates were an order of magnitude stiffer 
than tissue, but the modulus mismatch was reduced in 
comparison to stiffer substrates. Bioresorbable inter-
faces, termed ‘live electrodes’, improve acute and short 
term foreign body response by utilizing biocompat-
ible mesh/microporous structures that integrate with 
environment, minimize electrode-neuron distance, 
and support the mechanical and biochemical environ-
ment of the neurons [116]. Other biologically active 
compounds such as silk [124] and the fibroin derived 
enzyme, chondroitinase (chABC) [125], have been 
used to address the issue of mechanical mismatch by 
using the enzyme to dissolve the chondroitin layers of 
the scar tissue that encapsulates the probe.

3.2. Device tethering
Tethering forces exerted by the connector 
configuration can also influence the tissue response. 
Traditional devices are generally either free-floating 
in the brain tissue (untethered), mounted to a 
connector fixed to skull-mounted bone screws (skull-
fixed), or semi-floating (e.g. flexibly tethered to a 
connector via a ribbon cable encased in elastomer). 
Skull-fixed devices lack the ability to compensate 
for natural micromotion and swelling of the brain, 
which may lead to increased irritation and damage 
in interfacial tissue. In 2005, the mechanical effects 
of implanted CNS electrodes on surrounding tissue 
were investigated using finite element modelling. 
Device analogues for silicon, polyimide, and a 
hypothetical ‘soft’ material were evaluated in silico, 
and simulation results suggested that devices made 
from stiffer materials exacerbate shear strain along 
the device-tissue interface. Shear strain from skull-
fixed devices can impact tissues out to 100um from 
the interface and result in delamination of tissue 
from the device. In turn, these effects may further 
aggravate the chronic immune response associated 
with implanted electrodes. The model produced in 
this paper suggested that interfacial strain on host 
tissue could be mitigated by 65%–94% by adopting 
more flexible materials such as polyimide [126]. 
These results were corroborated by in vivo results 
collected by different groups during evaluations of 
free floating and tethered cortical silicon devices 
[127, 128]. Histology showed that, in comparison 
to untethered counterparts, tethered devices elicit 
greater levels of immune response at the tissue 
interface. The depletion of local neurons, increase in 
GFAP positive astrocytes, and upregulation of ED1 
positive microglia and macrophages were all notably 
worse surrounding tethered devices. Next-generation 
devices often adopt materials and architectures that 
may better accommodate micromotion and mitigate 
device-tissue strain, offsetting the relative impact of 
tethering on the tissue response. Nonetheless, it is still 
essential to consider device fixation as an additional 
design variable that can significantly impact the 
biocompatibility of implanted electrodes.
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3.3. Surface features and modification strategies
Surface chemistry and topographical cues have 
received relatively lesser attention from the device 
design community than architecture and flexibility/
softness; nonetheless, their impacts are inextricably 
intertwined with the incorporation of new materials 
in next-generation designs (figure 1). The surface 
variables that can be measured and controlled are: 
hydrophilicity, chemistry, and surface topography. 
Contact angle/wettability measures surface energy, 
spectroscopy determines chemical composition, 
and scanning probe technique characterizes  

micro-level topography (figure 2). While there are no 
field-standard guidelines, contact angles measured 
ideally should be low, indicating high surface energy 
in the range of 40–80 dynes cm−1. This is the range 
at which materials are hydrophilic enough to favor 
hydrogen bonding between the biomaterial surface and 
surrounding fluid over the hydrophobic interactions 
which favor protein adsorption [129]. Foundational 
studies have reported the fundamental physical 
characteristics of the surfaces presented by materials 
commonly used in electrode design. Polyimide is a 
hydrophobic material (contact angle reported between 

Figure 2. A systematic approach to choosing surface characterization techniques for neural probe biocompatibility, based on 
desired properties to be measured [94, 120, 123, 125, 143, 144, 150–155].
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80–100°) with an associated high adsorption of 
proteins [130]. Nonetheless, it exhibits low cytotoxicity 
and hemolysis, in alignment with biocompatible 
materials that served as a benchmark in the study 
(Teflon® and Silastic®). Parylene-C is similarly 
hydrophobic and biocompatible, although plasma 
treatment can be used to render the surface hydrophilic 
[131]. Silicon has been shown to be comparatively less 
biocompatible (in terms of thrombogenicity) than its 
polymeric counterparts, Parylene and polyurethane 
[132]. SU-8, while generally regarded as a highly 
biocompatible polymer, reportedly displays similar 
hemocompatibility to silicon, with similar platelet 
reactivity and thrombogenicity [132].

Specific surface cues have been observed to be 
especially amenable to neuronal growth and respon-
siveness [133–135], and the dimensions of topo-
graphical features are known to influence effects: opti-
mal promotion of neuronal growth occurs when the 
spatial pattern for controlled directionality matches 
the dimensions of neuronal growth cones [136]. Pre-
liminary reports from Ereifej and colleagues in the 
Capadona lab suggest that nuanced topographical and 
architectural changes can impact the expression of pro-
inflammatory factors surrounding neural implants. In 
an experiment where traditional planar probes were 
etched to form small, 200 nm high grooves across 
the length of the probe, tumor necrosis factor alpha 
(TNFα), nitric oxide synthase (NOS2), and a chroma-
tin protein, high mobility group box 1 (HMGB1), were 
upregulated in the un-etched devices. The patterned 
probes showed a downregulation of the lipopolysac-
charide binding receptor CD14 expression over a 2–4-
week time-period which may suggest a trend towards 
increased regeneration as microglia and monocyte 
populations return to baseline. These results suggest 
that smooth planar shanks may create a more continu-
ous expression of interleukin 1 beta (IL1B), resulting 

in prolonged BBB leakage, and potentially upregulated 
TNFα and NOS2 as a downstream consequence [137].

Given the rationale for surface-mediated control of 
biocompatibility, numerous strategies have emerged in 
the field to influence biocompatibility through modifi-
cations to implanted electrode surface features (figure 
3). Biomimicry—making the device invisible to brain 
tissue by imitating its key features—is one strategy to 
address device failure and improve long term func-
tion and ‘mask’ the device from its surroundings. Bio-
logically active materials such as L1 (neural adhesion 
molecule) have been coated on Parylene-C microwires 
and shown to decrease markers of apoptosis and astro-
gliosis at the injury site [138] and improve neuronal 
growth and survival around the implant [139]. Alpha 
melanocyte stimulating hormone (Alpha-MSH) [140] 
has also been proven to lower expression of mark-
ers of gliosis while chABC delivery likewise has been 
reported to reduce ionized calcium binding adaptor 
molecule (IBA1) and chondroitin sulfate (CS) expres-
sion [141]. Recently, Oakes et al used a decellularized 
bovine astrocyte derived extracellular matrix (ECM), 
traditionally used in emergency rooms to promote 
wound healing, to coat Michigan-style arrays. The 
coating reduced the amount of astrogliosis, hemo-
static activity, and macrophage activation in vitro 
[142]. However, the short life time of the coating limits 
an effective response to chronic or long-term foreign 
body response.

Drug-eluting or drug-presenting surfaces are 
another avenue to modulate device-tissue integra-
tion. Dexamethasone (DEX) coated [141] and DEX 
loaded probes [143] have been shown to decrease 
anti-chondroitin sulfate antibody (CS56), GFAP, and 
ED1 expression in surrounding tissue as well as reduce 
impedance by up to 25% for 9 d. However, there are 
also limitations surrounding long term tethering of 
biologically active molecules on these probes with 

Figure 3. Next generation surface modification strategies with experimental outcomes and limitations [94, 119, 124, 125, 133, 
137–139, 141–145, 152, 153, 156–160].
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reports of cracks in DEX film coatings at four weeks 
144, and observations of the ‘burst effect’ [145]. Future 
improvements may include prolonged drug release, 
better drug adherence to the surface, and increased 
drug loading/release for enhanced efficacy [144].

4. Outlook: perspective on critical 
knowledge gaps in the field

While many of these approaches to improve tissue 
compatibility have delivered evidence of positive 
results, they also have saturated the field with a 
multitude of designs that change multiple variables 
simultaneously. Furthermore, foundational 
understanding of benchmarks for success, clear goals 
for longevity and integration, and standardization of 
approaches across users are lacking in the field. Here, 
we make recommendations for studies to be pursued 
to reconcile current barriers to progress to achieve a 
seamless, chronic electrode interface (figure 4):

 (1)  A systematic study of the relationship 
between device design features (materials, 
architecture, flexibility), biointegration, and 
signal quality needs to be performed, and 
interaction effects between different features 
of design need to be parsed apart to reduce 
confounds in data interpretation.

As reviewed above, several design aspects may 
influence the biocompatibility and signal detection 
of implanted electrode arrays in the brain. How-
ever, studies which explore these effects in a system-
atic way are scarce, and it is extremely challenging to 
truly parse apart individual effects. For instance, the 
effects of Young’s modulus on tissue response may 
require the use of multiple material types to produce 
the desired range of flexibilities (e.g. silicon, polyim-
ide, and off-stoichiometry thiol-enes-epoxy (OSTE+) 
polymer) [97]. While it is possible that the effects of 
surface chemistry could be negligible, there remains 

the potential for differences in topology, hydropho-
bicity, and cytotoxicity to affect results (figures 2 and 
3). Furthermore, the surface charge, topography, size 
and geometry could all synergistically affect biocom-
patibility of the device as a whole. A study published 
by Capadona and colleagues effectively decouples the 
impact of surface chemistry and substrate stiffness (in 
terms of Young’s modulus) on the biocompatibility of 
implanted electrodes by coating all substrates with the 
identical polymer [146]. Nevertheless, bending stiff-
ness and geometry remain important considerations 
to integrate into such analyses. If such effects could 
be studied in a more broadly systematic way, the value 
and interpretation of the data collected from these, 
and other studies, would be greatly enhanced. A cen-
tral challenge is that the parameter space would be 
expansive, requiring a large sample size and an exten-
sive observation set for each sample. However, prior-
itizing testing of selected high-value features of the 
greatest relevance for current designs could make this 
seemingly intractable study achievable.

 (2)  Benchmarks for success need to be 
determined (biological integration, 
recording performance, longevity, stability).

What makes a ‘good’ chronic electrode? In terms 
of biocompatibility, what tests are the most relevant 
for predicting safety and performance? According 
to ISO 10993-1, because electrodes are permanent 
implant devices with external communication capa-
bilities that come in contact with blood and brain tis-
sue, probes should be subjected to cytotoxicity, sen-
sitization, irritation, acute and subchronic toxicity, 
implantation, hemocompatibility, and carcinogenicity 
testing (ISO 10993) (Supplementary Table 2). How-
ever, relatively limited controlled biocompatibility 
testing occurs in pre-clinical reports, and read-outs 
heavily depend on metrics of neuronal and glial densi-
ties. Based on these metrics, it has been suggested that 
critical ‘thresholds’ of device flexibility and feature 

Figure 4. Toward the rational design of biologically-integrated electrodes. Currently, the relationships between device features, 
tissue response, and chronic performance are ill-defined, and the field has produced a wide variety of device designs encompassing 
a large parameter space (left panel). The systematic study of those relationships, identification of appropriate biomarkers for 
functional performance, and standardization of approaches (middle panel) may enable the definition of a refined parameter space, 
expediting the design process and increasing the likelihood of success (right panel).
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size can be identified for optimal device-tissue integra-
tion [82, 96]. Likewise, a recent meta-analysis suggests 
that bending stiffness is the strongest design-related 
predictor of neuronal and glial responses [98]. How-
ever, available observations suggest that there is not a 
simple relationship between the traditional metrics 
of tissue response and chronic function [147], under-
scoring the need to better understand which aspects of 
the biological response to electrodes most profoundly 
and predictably affect their function. If those markers 
of the tissue response were identified, it may simplify 
and standardize assessment of the biological response 
to electrodes. For instance, are changes in cellular den-
sities (neuronal and glial) most strongly predictive of 
device function, or are particular markers related to 
certain functional signalling pathways, or sub-cellular 
structural remodelling (as a few possibilities) the most 
important? While assessments of new electrode design 
almost invariably test their impact on local neuronal 
and glial densities, these metrics have not been valid-
ated as effective benchmarks for success in terms of 
recording quality: it may be the case that some other 
aspect of the biological response is more directly deter-
ministic of functional outcomes.

Recent evidence suggests that chronic implant-
ation of neural interfaces results in changes in intrinsic 
neuronal excitability at the protein level [28, 29]. The 
proteins that have been currently explored outside of 
cell type specific markers are ion channels and trans-
porters that may influence cellular excitability. These 
data suggest that there may be effective biomarkers 
for biocompatibility of implanted devices that inves-
tigate mechanisms beyond cellular density. In order 
to drive the field forward in a more constructive way, 
it is imperative that future research includes a more 
thorough evaluation of biocompatibility at the cellular 
and molecular level. This would ideally include tradi-
tional histological analyses as well as acute and chronic 
genetic changes at the transcriptional level [137]. In 
doing so, there is a possibility to define biocompatibil-
ity at a deeper level that results in identifying key bio-
integrative electrode features and potential targets for 
intervention following implantation.

 (3)  User results and methods, particularly those 
that champion a specific design or electrode 
modification, need to be replicated across 
laboratories.

A related challenge is centered on the approach 
needed to unmask ‘master’ biological signalling path-
ways that influence performance: there is a need to 
identify more effective and reproducible testbeds to 
refine electrode design and benchmark results between 
technologies. Correlation between device functional 
metrics and histological outcomes may be a reasonable 
point of departure to assess device-tissue integration 
within individual labs, but ultimately, direct meth-
ods to determine the most relevant mechanisms with 

improved specificity and control will be required. Like-
wise, given the expansive set of potential pathways at 
play, the identification of the most important changes 
in protein or gene expression amongst the many avail-
able possibilities is a major challenge. Developing a 
high-throughput testbed to assess the impacts of design 
features on tissue response would be extremely valu-
able to the field. Likewise, incorporating broad-based 
assessment strategies which avoid pre-selecting targets 
of interest could reveal that the expression of unex-
pected targets which bear a stronger relationship with 
recording quality than previously-studied metrics. 
Accounting for inter-areal and inter-species differences 
will be important in these analyses, given the potential 
for brain microenvironment heterogeneity to influ-
ence results. Likewise, insertion methods vary between 
users, and the relationship between chronic histology 
and the initial surgical approach should be studied. As 
an example, the presence of reactive astrogliosis sur-
rounding ‘sewing machine devices’ is notable, since the 
electrodes are designed with subcellular dimensions 
and are fabricated using materials that are regarded as 
highly biocompatible. It is also possible that unanti-
cipated reactivity results due to the novel insertion 
method. Finally, since alterations in electrode design 
characteristics have the potential to influence not only 
the tissue response to implants, but also the electrical 
and mechanical performance of the devices, it will be 
critical to move towards standardization of electro-
physiological metrics of success (longevity, signal-to-
noise ratio, the number of units, site impedance, etc) in 
the context of biocompatibility studies.

The combination of new federal funding initia-
tives, commercial ventures, and explosive growth in 
the number of medical applications for implanted 
electrode arrays has produced a groundswell of inno-
vation in neurotechnology in recent years. However, 
many of these technologies have not achieved broad-
based dissemination in the field, confining their 
impact to a few selected laboratories. A notable excep-
tion to this rule is the ‘Neuropixels’ array, which has 
become more broadly available recently [48]. How-
ever, many laboratories may not have the capabilities, 
funding, or motivation to support the broad-based 
dissemination of their novel device designs to the field. 
Likewise, modifying electrodes with polymer coatings, 
biologics, topographical cues [137, 148] and related 
approaches often remains within the purview of the 
specific lab originating the technique. With respect to 
surface coatings, rapid degradation calls for the long-
term characterization of the in vivo effects of these 
materials in the brain [140, 141, 144, 149]. Corroborat-
ing results across laboratories should be a central focus 
of efforts in the field, in order to more systematically 
validate which designs produce improved tissue inte-
gration reproducibly. The need to standardize bench-
marks for success goes hand-in-hand with identify-
ing appropriate biomarkers for effective device-tissue 
integration.
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5. Concluding remarks

Devices implanted in the brain often simultaneously 
adopt different biomaterials, unique device 
architectures, and varying feature sizes within each 
design. As each lab adopts their own strategies and 
approaches, the field begins to fragment in a way that 
makes it difficult to empirically determine which device 
elements generate the most stable and biocompatible 
chronic interfaces. Additionally, the analysis of 
biocompatibility is often limited to neuronal density 
and glial scar analyses, and in some cases, neglected 
almost entirely. Neural interfaces have recently 
gained popularity in private industries, potentially 
broadening the accessibility of neurotechnology to 
the public. As such, it is increasingly important to 
rationally design devices which maximize safety and 
efficacy, including a fair assessment of performance 
relative to user expectations. Biological boundaries 
intrinsically create limitations to the design space 
of next generation electrode arrays. It is important 
to understand, define, and work within these limits 
to create devices with an optimized combination of 
performance and biocompatibility. New approaches 
to assess biocompatibility using a broader arsenal of 
technologies, including the analysis of gene expression, 
will create new avenues to assess biocompatibility 
in neurons and glia at the tissue interface. Likewise, 
standardizing approaches, repeating results across 
laboratories, and performing systematic studies of the 
effects of device attributes on tissue response will be 
essential to move the field toward the rational design of 
seamlessly-integrated electrodes.
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