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Abstract

To ensure long-term consistent neural recordings, next-generation intracortical microelectrodes
are being developed with an increased emphasis on reducing the neuro-inflammatory response.
The increased emphasis stems from the improved understanding of the multifaceted role that
inflammation may play in disrupting both biologic and abiologic components of the overall neural
interface circuit. To combat neuro-inflammation and improve recording quality, the field is
actively progressing from traditional inorganic materials towards approaches that either minimizes
the microelectrode footprint or that incorporate compliant materials, bioactive molecules,
conducting polymers or nanomaterials. However, the immune-privileged cortical tissue introduces
an added complexity compared to other biomedical applications that remains to be fully
understood. This review provides a comprehensive reflection on the current understanding of the
key failure modes that may impact intracortical microelectrode performance. In addition, a
detailed overview of the current status of various materials-based approaches that have gained
interest for neural interfacing applications is presented, and key challenges that remain to be
overcome are discussed. Finally, we present our vision on the future directions of materials-based
treatments to improve intracortical microelectrodes for neural interfacing.
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1. INTRODUCTION

Neural interfaces bridge the central nervous system to the outside world. Originally, neural
interfaces were developed as a basic science tool, and as such, have been used extensively to
develop our understanding of how the nervous system works. bell (1-4) Additionally, neural
interfaces hold great potential for functional restoration in persons with paralysis, other
forms of motor dysfunction, or limb loss. Such rehabilitative applications are commonly
referred to as brain machine (or brain computer) interfaces. (5) In brain machine interface
(BMI) applications, a recording device is used to extract volitional intent in the form of
consciously modulated neuronal signals. Using a variety of signal transducing systems and
processing algorithms, extracted neural signals can then be used to drive external devices
such as limb prostheses or computers. (6-12)

A number of types of recording electrode devices have been developed to access different
forms of neural information through varying levels of invasiveness (Figure 1). For example,
non-penetrating recording electrodes placed externally on the scalp or on the brain surface
can gain functional information. (11, 12) However, many researchers believe that recording
devices that penetrate into specific regions of the brain will provide the most useful control
signals for complex BMI applications. (13) Despite the potential that penetrating
intracortical microelectrodes have shown, widespread implementation is impeded by the
inability to consistently record high quality neural signals over clinically relevant time
frames. (14-17) As such, this review focuses on intracortical microelectrodes implanted
within the cerebral cortex, which record from single or small populations of nearby neurons.

In particular, the evolution of traditional intracortical microelectrode systems is discussed
from a materials science perspective (Section 2). Emphasis is given to key developments
that have facilitated the longest and highest quality in vivo recordings. In addition, a number
of primary failure modes are discussed that must be overcome to achieve the full potential of
intracortical microelectrodes for in vivo recording applications (Section 3). Lastly, the
impressive progress that has been made in recent years to develop the next generation of
intracortical microelectrodes is reviewed (Section 4). By framing recent advancements
within the context of current successes, the most promising strategies are highlighted and the
most critical challenges for improving intracortical electrode-based neural interfaces are
discussed.

2. TRADITIONAL INTRACORTICAL MICROELECTRODES FOR BRAIN
MACHINE INTERFACING

A number of intracortical microelectrodes have been designed to interface with cortical
neurons, including insulated metal microwires and semiconductor-based devices such as the
Michigan and Utah electrode arrays. Regardless of the specific design or manufacturer, a
similar compound circuit can be used to describe how microelectrodes extract electrical
signals generated from single target neurons (Figure 2). Extensive descriptions of each of
the primary portions of the compound circuit are available elsewhere, (18, 19) and therefore
only a brief description will be included here.
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The first portion of the circuit involves the cortical column and the complex set of
presynaptic inputs that innervate the target neurons being recorded from. These inputs can
be both excitatory and inhibitory. If a sufficient excitatory postsynaptic potential is created
then a compound action potential is generated through depolarization of the axon hillock.
The ion-based signal then travels through the extracellular space to the electrode-recording
site. As transport is primarily diffusion based, the distance traveled and the impedance of the
extracellular space governs the strength of the signal reaching the recording site. It has been
suggested that the maximum effective recording range for classic microelectrode designs is
roughly 50-150 um. (20)

At the recording site, the electric potential produced by the ion-based signal is recorded as a
voltage change. Signals can then be amplified and analyzed using various acquisition and
processing techniques. (21) Once analyzed, algorithms are applied to translate the signal into
device commands/orders that carry out the user’s volitional intent. (21-23) Output devices
can vary from application to application and have ranged from moving a cursor on a
computer screen, to facilitating a robot to walk on a treadmill, driving a wheelchair, or
controlling a robotic arm. (24)

2.1. Microwires: From an Acute Electrophysiology Tool to a Useful Interface Between Man
and Machines

Metal wire electrodes have an extensive history as the “go to” tool of neuroscientists for
acute electrophysiology experiments. Therefore, it is not surprising that metal wire
electrodes have been further developed to extend their use to long-term BMI applications.
Prominent developments include reducing wire size, enhancing electrode geometry as well
as optimizing both the underlying conducting and insulating materials. A schematic example
of a microwire electrodes described in the literature can be found in Figure 3A.

Many of the earliest descriptions of metal wire electrodes used to record from single or
small populations of neurons date back to the 1940s. Renshaw performed one of the earliest
studies utilizing metal wire electrodes to record electrical signals from single neurons, using
Ag/AgCI based electrodes. (3) Other metals that would prove more effective and safer in
chronic recording applications, such as stainless steel, tungsten and platinum, also had roots
during this early period. (1, 25, 26) For example, in 1942, Grundfest and Campbell
conducted one of the first studies utilizing stainless steel electrodes to record electrical
impulses from neurons within the feline spinal cord. (1) Improving upon their original
design, Grundfest next began utilizing electrolytic pointing to create sharpened stainless
steel microwires. (2) Electrolytic pointing reduced the variability between individual
electrodes and improved insertion into cortical tissue.

Despite the limited recording duration (hours to days) of early devices, metal recording
electrodes facilitated a rapid increase in knowledge concerning neural pathways and
volitional movement. For example, in 1966, Evarts described that specific patterns of
neuronal activity correlate with set motor responses. (27) Specifically, Evarts found that the
electrical activity of pyramidal neurons in the precentral cortex of primates correlated with
specific behavior patterns. The results of Evarts’ study contributed greatly to the idea of
using volitionally controlled neural signals to manipulate external devices.
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Several new electrode designs and materials were introduced in the 1970s that permitted
recordings to be performed for longer durations. A collaboration between Salcman, Bak and
Schmidt at the National Institute of Health (NIH) led to the development of microwire
electrodes from iridium (Ir), platinum (Pt) and platinum-iridium- alloys (Pt/Ir-). (28, 29)
Either a glass (28) or poly (monochloro-p-xylene) (Parylene-C) coating (29) was
incorporated to insulate the microwire electrodes. Iridium electrodes in particular
demonstrated that microwire-based electrodes are capable of chronic recording by detecting
single unit activity from primate cortex up to 223 days after implantation. (29, 30) However,
in addition to the promise shown by the NIH studies, the authors also observed that average
recording performance was inconsistent and decreased over time. (30) Salcman, Bak and
Schimdt were among the first to propose that inflammatory-mediated device encapsulation
reduced recording performance over time by increasing impedance and electrically isolating
the device from the surrounding tissue. (30, 31) Section 3.4 provides further information on
inflammatory and encapsulation-mediated electrode failure.

Over the last few decades, a number of groups have shown that a variety of microwire
devices are capable of recording the signals needed for brain machine interface applications
over extended periods. (16, 30, 32, 33) Despite these successes, a major hurdle for
microwire-based microelectrodes is still the challenge of consistently recording high quality
units over time. (34, 35)

2.2. Silicon-based Microelectrodes

2.2.1. Michigan-Style Microelectrodes—Beginning in the 1960s, advancements in
semiconducting materials and improvements in micromachining capabilities drove the
development of silicon-based microelectrodes. Based on foundational work with silicon
etching for beam-lead integrated circuits at Bell Telephone Laboratories, Angell, Starr and
Wise developed the first intracortical microelectrode with a silicon substrate in 1966. (36)
Similar to existing microwire devices, early silicon-based devices consisted of a penetrating
tine with an exposed conducting tip capable of electrically interacting with nearby cells. (36,
37)

By the 1980’s, further work by Wise and colleagues at the University of Michigan led to the
development of what is commonly referred to as the “Michigan (MI)-style microelectrode.”
(38) Applying newly developed microfabrication processes such as diffusion-based etch
stops, silicon microelectrodes were fabricated with multiple recording sites placed along a
single or multiple planar shanks. (39) The advantage of MI-style electrodes over traditional
metal microwire devices is their ability to record from numerous sites at well-controlled
tissue depths.

The basic structure of a single-shank MI-style microelectrode is shown in Figure 3B.
Several microfabrication processes are used in the creation of MI-style microelectrodes. (39)
First a diffused boron etch stop is created using a thermal oxide mask to define the
substrate’s dimensions. Etch stops allows for all processes to be performed on the topside of
the silicon wafer rather than having to pattern both sides of the wafer, as was done when
creating the original Ml-style devices. Following definition of the probe dimensions, a
dielectric layer is added to insulate the backside of the device. The dielectric usually consists
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of a silicon oxide/silicon nitride stack or an alternative passivation layer. Building on the
dielectrics, a series of conducting traces are applied to the length of the probe to link the
recording sites to the bond pads. The recording sites and bond pads are then created from
conducting metals such as gold or iridium. A second stack of stress-compensated silicon
oxide/silicon nitride is then deposited through chemical vapor deposition to insulate the
conducting traces. To further shield the device and protect the dielectrics from dissolution
under in vivo conditions (Section 3.3), insulating polymer coatings such as Parylene-C or
Epoxylite have been adopted over time. Additionally, improved hermetic protection through
anodic silicon-glass bonding for on-chip processors has also been developed.

A number of groups have shown that MI-style microelectrodes are capable of chronic
recording in a variety of species. (40-42) As with microwires, despite a number of studies
showing that chronic recording is feasible, the major hurdle for MI-style microelectrodes has
been the challenge of consistently recording high quality units over time. (43)

Today Ml-style microelectrodes are being further developed at a number of universities and
laboratories. MI-style microelectrodes are also commercially available for neuroscience and
preclinical applications from NeuroNexus®, a subsidiary of GreatBatch Inc®. Advanced MI-
style microelectrodes have been developed with on-chip processing as well as wireless
telemetry systems. Additionally, microfluidics and optical waveguides have been
incorporated to expand the number of ways in which Ml-style microelectrodes can interact
with the surrounding tissue. However, as discussed in Section 3, several factors still limit
the clinical success of Ml-style microelectrode technology. For further details on the
development and successes of MI-style microelectrodes, readers are referred to the excellent
review by Wise. (39)

2.2.2. The Utah Electrode Array—Normann and colleagues developed an alternative,
silicon-based microelectrode, which due to its origin at the University of Utah is referred to
as the Utah Electrode Array (UEA). (44) Instead of the thin film design of the MI-style
arrays, the UEA uses glass reflow, dicing and etching to create an array of well-defined
penetrating electrode tines. Figure 3C shows a basic schematic of the UEA along with the
slanted UEA design created using slight modifications of the original processing steps
(described below). While originally designed for stimulation applications, the UEA has been
widely used as a recording tool. In fact, the UEA is the only high-density, penetrating
recording electrode approved by the US Food and Drug Administration and that has
received the CE mark for use in Europe.

Since the first generation, significant development efforts have been devoted to improve the
performance of the UEA. For example, to improve charge transfer, Pt/Ti/W/Pt, and then
subsequently sputtered iridium oxide (SIROF), have been used instead of the original gold
or platinum contacts on the terminal recording sites. (45) Furthermore, conformal Parylene-
C coatings have been applied through chemical vapor deposition to provide additional
insulation to the electrode tines and protect the underlying dielectrics from dissolution. (46)
Electrical isolation of individual channels has been further enhanced by incorporating a
glass dielectric between individual bond pads on the backside of the wafer. (47)

J Neural Eng. Author manuscript; available in PMC 2016 February 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jorfi et al.

Page 6

Beyond the initial design of the UEA with a 10 x 10 array of 1.5 mm tines, developers have
also shown that a number of alternative structures can be created. For example, the Utah
Slanted Electrode Array (USEA) was developed to facilitate stimulation and recording at
various tissue depths. (48) Recent studies have also shown that the UEA’s structure can be
further manipulated to create devices that better conform to complex anatomical geometries
using variable depth dicing and wet isotropic etching. (49) Ultra-high aspect ratio devices
made from highly conductive bulk silicon have been created using microwire electrical
discharge machining. (50) In addition, high density arrays have also recently been created.
(51)

Similar to the MI-style devices, significant recent efforts have focused on creating wireless
versions of the UEA, where power and telemetry systems are incorporated on the base of the
UEA via flip-chip bonding. (52, 53) Other developments that are being pursued include the
addition of optical waveguides for optogentic research. (54)

The ability of the UEA to record the neural signals needed for chronic rehabilitative
applications has been demonstrated by a number of groups. For example, the UEA has been
utilized for recording in the visual and auditory cortex. (55, 56) Additionally a number of
primate studies have shown the usefulness of the UEA in brain machine interface
applications, such as cursor and prostheses control. (57, 58)

The commercialization and clinical translation of the UEA began by spinning-off Bionic
Technologies, from the University of Utah in 1997. Cyberkinetics Neurotechnology
Systems, Inc. later acquired this spin-off. In 2004, the FDA granted Cyberkinetics the first
of two Investigational Device Exemptions (IDESs) to begin human clinical trials with a UEA-
based system (BrainGate™).

After achieving major milestones in the clinical development of the UEA, portions of
Cyberkinetics were acquired in 2008 by two distinct, yet collaborative, entities. Blackrock®
Microsystems, LLC, under Dr. Florian Solzbacher, acquired rights to many of the
underlying hardware components. Today, Blackrock® Microsystems, LLC operates as the
original equipment manufacturer for the UEA. The BrainGate™, co-founded by Jeffery
Stibel, acquired rights to the BrainGate Neural Interface System and many of Cyberkinetics’
clinical applications for the technology. Further information can be found on Blackrock®
Microsystem’s and the BrainGate™ websites.

As part of the BrainGate™ clinical trials, Hochberg et al. have shown that UEAs implanted
into the primary motor cortex can be used to restore volitional control of external devices,
including a computer cursor and a simple robotic hand, to patients with tetraplegia. (7)
Building on Hochberg’s seminal work, recently another publication from the BrainGate™
group has described the success achieved in an additional pair of patients. In the second
study, the authors demonstrated that patients with long-standing tetraplegia were able to
produce useful movements of a prosthetic arm with the UEA based system. (6) For example,
one patient was able to use her thoughts to control a robotic arm, reach and grasp a bottle of
coffee, bring it towards her mouth to drink, and then return the bottle to the table for the first
time in 14 years. (6) Excitingly, results were achievable five years after implantation, and
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the systems were still functional at the time of publication. While the successes of animal
studies and the BrainGate™ project in particular are quite promising, improving recording
consistency is still a primary focus for the UEA. (59)

2.3. Neurotrophic Cone Electrode

Diverging from many in the field who believed that single units were the key to BMI
success, Kennedy et al. took a new multi-unit approach towards BMlIs and developed the
neurotrophic cone electrode (Figure 3D). (60) Kennedy’s electrode was built around a glass
cone with a Teflon®-insulated gold wire. This design is very similar to pipette electrodes
used in acute electrophysiology experiments prior to the development of microwire devices.
Building on the work of David and Aguayo, who had demonstrated endogenous innervation
of peripheral nerve grafts, Kennedy placed a segment of sciatic nerve into the glass cone.
(61) Similar to the innervation of the nerve graft, implantation of the cone electrode into rat
cortex elicited the ingrowth of neuronal processes into the glass cone. Using his novel
approach, Kennedy was able to record neural signals for up to 11 months following
implantation in the rat cortex and up to 15 months in the monkey cortex. (60, 62)

Beyond successful animal experiments, Kennedy implemented the neurotrophic cone
electrodes as the earliest platform for successful human clinical studies of brain machine
interfaces. (8-10) In their seminal study, Kennedy and colleagues implanted neurotrophic
cone electrodes into the cortex of three patients and consciously modulated neural signals
were used to drive the movement of a computer cursor.

While the data obtained using neurotrophic cone electrodes are quite promising, widespread
adoption has been limited, possibly due to the fragility and boutique fabrication scheme of
the cone electrode. However, Kennedy’s approach does highlight the potential of bioactive
strategies for improving neural interfacing (Discussed further in Section 4.5).

3. CHALLENGES TO OBTAINING CONSISTENT, HIGH-QUALITY NEURAL
RECORDINGS

Despite the substantial success that has been demonstrated using intracortical
microelectrodes in neural interface applications, many studies have shown chronic cortical
recording to be inconsistent in a variety of species and with multiple electrode types. As
early as 1974, Burns et al. showed a progressive decline in unit recordings in cat cerebral
cortex after implantation, with only 8% of the electrodes functioning after 5 months. (31)
Forty years later, recording instability is still a commonly documented problem. For
example, Liu et al. reported that implanted electrodes are unstable during the acute phases of
tissue remodeling, and thereafter experience a continual decrease in recording ability over
the ensuing months. (16, 17) Additionally, recently Ludwig et al. and Freire et al. have both
described fluctuations in recording stability that agree well with previous findings. (43, 63)

A number of failure modes likely influence chronic recording stability and quality including:
1) direct mechanical damage of the electrode; 2) corrosion of electrical contacts; 3)
degradation of passivation layers and insulating coatings; and 4) the neuro-inflammatory
response that the brain mounts against chronically implanted devices. (14, 34) Figure 4
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illustrates how each failure mode could impact the compound circuit describing how
microelectrodes extract electrical signals from neural tissue. Traditionally, microelectrode
failure modes have largely been studied independently from one another. However, there is
likely considerable interplay among the various modes making it difficult to attribute failure
to a single mechanism.

3.1. Direct Mechanical Damage

Several studies have indicated that mechanical damage during or following insertion can
lead to microelectrode failure. For example, Ward et al. experienced mechanical failure in
seven of nineteen devices, regardless of the type of electrode. (14) Interestingly, while a
number of the electrodes used in Ward’s study were made from materials that are commonly
considered brittle, such as silicon or ceramics, only one failure of a penetrating shank was
described. (14) Similar occurrences of mechanical failures away from the penetrating wires,
shanks and tines of traditional microelectrode recording systems have independently been
described in recent reports. (34, 35, 64) Thus, improvements in the mechanical stability of
the entire recording system, and not just the intracortical microelectrode should be further
pursued.

3.2. Corrosion of Electrical Contacts

While descriptions concerning electrode corrosion have been reported for stimulating
electrodes, relatively few have been provided for recording microelectrodes. However, even
under non-stimulating conditions (i.e. under conditions in which no electrochemical
reactions should occur via an externally applied electric field) some materials used in
recording microelectrodes likely experience faradaic charge transfer and corrosion over
time. (65) In fact, structural changes at the electrode-recording sites have been observed to
progress with time after electrode insertion for tungsten microwires (Figure 5), (34) while
little corrosion was reported for Pt/Ir electrodes. (35)

The rate of corrosion is likely environment and material specific. For example, Patrick et al.
have shown that bare tungsten and gold-plated tungsten wires corrode readily in phosphate-
buffered saline even under non-stimulating conditions. (66) Patrick and colleagues also
found that tungsten corrosion was increased in the presence of oxidative species in vitro.
The critical role of oxidative species in electrode corrosion provides an important link to the
brain’s inflammatory response, since reactive oxygen species are actively produced
surrounding implanted microelectrodes (Section 3.4.4). In vivo corrosion rates were reported
to be as high as 100 um/year, indicating that corrosion is a likely contributor to at least
tungsten-based electrode failure.

By contrast, titanium forms a natural passivation layer, and is more resistant to oxidative
corrosion. McCarthy et al. have begun to develop titanium-based MI-style microelectrodes
that may perform better in the oxidative environment that develops surrounding implanted
microelectrodes. (67) Furthermore, platinum wires are not only stable in saline/H,0S
environments, but actively convert hydrogen peroxide species to water, (66) mirroring the
catalytic activity of natural anti-oxidative enzymes. (68) Potter et al. have previously
demonstrated that reactive oxygen species accumulation may facilitate neurodegeneration at
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the microelectrode surface. (69, 70) Therefore, the ability for platinum materials to reduce
the concentration of oxidative species could explain the improved performance of platinum-
based microelectrodes in neural interface applications.

Beyond impacting recording site stability, electrode corrosion can also generate toxic
species. For example, the generation of toxic species from Ag/AgCl electrodes has been well
documented. (71) In addition, Patrick et al. reported that the primary species generated by
tungsten corrosion were tungstic ions, which are known to be moderately toxic. (66)
Production of toxic species could be another important connection linking biotic and abiotic
failure modes.

Information regarding the corrosion rates of many common microelectrode materials under
non-stimulating conditions is not readily available. In view of the above-mentioned findings
further analysis of the corrosion of common electrode materials would be valuable.
Furthermore, the impact of corrosive species generated from the breakdown of many
electrode materials is not well understood and deserves additional study. When conducting
corrosion analysis it is important to mimic the in vivo environment, including the presence
of oxidative species and acidic pH. Additionally, the impact of corrosion products should be
considered when examining and comparing the biocompatibility of chronically implanted
microelectrodes made from different materials.

3.3. Degradation of Passivation Layers and Insulating Coatings

Similar to electrode recording sites, the passivation layers and insulating coatings commonly
incorporated into microelectrodes may degrade over time. Significant degradation of an
electrode’s insulating or passivation layers could reduce an electrodes ability to detect local
ionic signals (Figure 4). (32)

The susceptibility for silicon or glass passivation layers to degrade in vivo has been shown in
a number of studies. For example, Wang et al. observed that the corrosion of silicon begins
in as little as ten days from implantation into the rat brain. (72) Furthermore, Hdmmerle et
al. have shown that while silicon oxide is stable for over 21 months in saline solution,
significant degradation occurs after implantation in a subretinal model. (73) Beyond the
removal of the as-fabricated silicon oxide surface layer within 12 months of implantation,
Hémmerle and colleagues also observed progressive corrosion of their underlying silicon
substrate. (73) Degradation is not exclusive to silicon and silicon oxide layers, as Maloney
and colleagues have shown similar degradation rates (~1 um/year) in triple layered silicon
oxide/nitride stacks. (74)

The degradation of traditional passivation layers is not surprising as they were originally
designed to serve as dielectrics in dry, noncorrosive environments that are shielded from
mechanical stresses. A number of mechanisms may influence the degradation of traditional
passivation materials. These mechanisms include mechanical stress, film defects, as well as
chemical or electrochemical reactions. Further information regarding these mechanisms is
presented by Scmitt et al. (75)

J Neural Eng. Author manuscript; available in PMC 2016 February 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jorfi et al.

Page 10

To overcome the limitations of traditional passivation materials, Cogan et al. developed an
amorphous silicon carbide (a-SiC) dielectric film for microelectrodes. (76) Degradation
testing showed that the a-SiC had a dissolution rate of 0.1 nm/h at 90°C (1/20™ that of
silicon nitride) and no measurable dissolution at 37 °C.

Due to the chemical vulnerability of common dielectric passivation layers, further
encapsulation of microelectrodes with insulating polymers has become common practice.
(32, 46, 77) While no direct comparison has been made, historically there has been a
significant trend towards improved recording longevity when silicon microelectrodes were
coated with polymeric insulators. However, in vivo rodent studies have shown no difference
in the neuro-inflammatory response of Parylene-coated Michigan-style microelectrodes
compared to uncoated devices. (78) Therefore, it is likely that any increased recording
longevity is not due to a significant reduction in the neuro-inflammatory response on
account of reduced degradation of the Si-based devices. Nevertheless, as many descriptions
of the loss of recording quality come from electrodes with polymer-based insulating
coatings, it is clear that improving insulation alone is not a silver bullet and that other
sources of instability, such as the neuro-inflammatory response, are still at play.

While insulating polymer coatings have significantly improved recording systems, a limited
number of studies have described degradation of common insulators used on
microelectrodes. For example, Prasad et al. showed evidence that polyimide insulation on
tungsten microwires was peeled away from the recording site, and had signs of cracking as
early as 42 days after implantation (Figure 6). (34) Insulation damage was particularly
common in chronic implants, where seven of twelve electrodes implanted showed damage.
However, it is unclear if changes to the insulation were a result of direct damage of the
polyimide or a result of corrosion of the underlying tungsten.

As with recording site corrosion, further analysis of the degradation of common passivation
layers and insulting coatings is needed. While in vitro experiments can facilitate higher
throughput analysis, it is critical to also investigate degradation using in vivo models to more
accurately understand the contribution of the neuro-inflammatory response (Section 3.4).

3.4. The Neuro-Inflammatory Response

There is increasing consensus that the neuro-inflammatory response to intracortical
microelectrodes is a primary hurdle preventing microelectrode-driven BMlIs from reaching
their full potential. Therefore, improving the understanding of the neuro-inflammatory
response that develops following microelectrode implantation in the brain, and developing
strategies to reduce its impact are critical to achieving the promise of BMIs and to enable
longer recording durations for basic science experiments.

Over 100 studies have described stereotypic features of the brain’s response to
microelectrodes that occur irrespective of the type of implant, method of sterilization,
species studied, or implantation method. From this rich body of literature, it has become
increasing clear that the brain’s response consists of an interconnected web of molecular and
cellular components. The ultimate result of which is the continuous perpetuation of the
response, and the prevention of microelectrode integration into the surrounding tissue.
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With respect to the molecular and cellular components, several theories have been presented
to explain how individual components of the response might adversely impact recording
quality. However, it is highly likely that multiple aspects of the response are at play
simultaneously. Thus, further study into the details of the neuro-inflammatory response and
the development of more comprehensive mitigation strategies are indicated.

3.4.1. Initial Injury and Early Wound Healing Events—Due to the dense and, in
many cases highly vascularized nature of nervous tissue, microelectrode implantation
inevitably causes vascular and cellular injury. (79, 80) Following the initial iatrogenic
injury, several acute cascades and processes are initiated to induce wound closure and
promote tissue remodeling. Directly after injury, the coagulation cascade is initiated and
forms a provisional matrix to restore vascular integrity. (81, 82) Simultaneously the
complement system is also initiated. The complement cascade may directly induce apoptosis
in nearby cells or invading pathogens through the membrane attack complex. Additionally,
complement assists in recruiting inflammatory cells to the site of injury through the
alternative arm of the cascade. (83)

Much is known about early wound healing events and their roles in injury and other device
implantation models. (84, 85) However, comparably few studies have explored the early
wound healing events after implantation of intracortical microelectrodes. (79, 86) The
majority of what is known about the brain’s response to implanted microelectrodes comes
from end-point histological studies focused on later time points that range from ~1-24
weeks post-implantation. Figure 7 provides images and an illustration of the stereotypic
response of the brain to chronically implanted microelectrodes. (87)

3.4.2. Motion Induced Injury at Later Time Points—Microelectrode-induced injury
events are likely not limited to the initial iatrogenic trauma. It is widely accepted that
propagation of the neuro-inflammatory response may be due to perpetual motion-induced
damage at the interface of traditional microelectrodes. The base materials used in traditional
microelectrodes are significantly stiffer than cortical tissue. Therefore, starting with
Goldstein and Salcman’s work in 1973, a number of groups have suggested that motion of
the brain with respect to the microelectrode may induce damage to the surrounding tissue.
(88-95)

In silico studies support the hypothesis that even micromotion of the brain relative to a stiff
microelectrode could induce strain on the surrounding tissue. (89) However, to date, limited
work has been performed to quantify microelectrode-induced strain on the surrounding
tissue. Recently, the Muthsuwamy lab developed a method to measure the mechanical
properties of the biotic component of the brain-electrode interface, surrounding non-
compliant stainless steel microelectrode implants. (96) Specifically, they have found that the
estimated shear and elastic modulus in the surrounding brain tissue fluctuates and evolves
over time. Ongoing studies are investigating the effects of implant stiffness on the strain
placed on the cortical tissue adjacent the implant. Determining whether implanted
microelectrodes induce sufficient strain to affect neural and inflammatory cells is a critical
gap in the field. Additionally, quantifying in vivo or ex vivo strain data would be extremely
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useful in the creation of improved predictive models for driving future microelectrode
designs (Discussed further in Sections 4.1).

Despite the infancy of strain quantification, recent in vivo studies have shown that
microelectrodes made from materials that more closely match the brain’s mechanical
properties may elicit a reduced neuro-inflammatory response. (94, 97-99) However, the
precise mechanism underlying how mechanical mismatch facilitates the neuro-inflammatory
response is still being debated. Nevertheless, the hypothesis that mechanical mismatch
between the microelectrode and brain tissue contributes to the neuro-inflammatory response
has resulted in the development and use of compliant materials (Section 4.1) to replace the
stiffer silicon, ceramic and metal substrates used in traditional microelectrodes. (70, 99-105)
It is, however, important to note that the influence, which the compliant behavior exerts on
the quality of neural recordings of microelectrodes fabricated from such materials, has yet to
be described.

3.4.3. Microglia/Macrophage Response to Intracortical Microelectrodes—
Similar to the response in the rest of the body, (84, 85) a key feature of the brain’s response
to chronically implanted devices is persistent inflammation at the biotic-abiotic interface.
(99, 106) Persistent inflammation involves activation of both resident microglia and the
perpetual recruitment of blood-born macrophages. (15, 106-109)

Both microglia and macrophages play a primary role in responding to invading pathogens,
recognizing extravasated serum/plasma proteins, phagocytizing damaged or dead cells,
(110) and in clearing residual cell debris. (111) Following phagocytosis, microglia and
macrophages are known to enter the lymphatic system and act as antigen presenting cells in
a variety of diseases and pathological states. (112-116) As suggested by Skousen et al., cell
trafficking to and from the implant interface provides a potentially persistent stimulus for the
neuro-inflammatory response via extravasated fibrinogen, fibronectin, complement factors
and other blood products. (117) Following extravasation, blood products adsorb to the
microelectrode surface and perpetuate inflammatory cell activation through receptor-
mediated pathways such as Toll-like receptor (TLR)-mediated pathways (Figure 8). (69,
118, 119)

3.4.4. The Critical Role of Pro-Inflammatory and Cytotoxic Soluble Factors—
Multiple studies have shown that activated microglia and macrophages release a plethora of
pro-inflammatory/cytotoxic soluble factors that can damage healthy bystander cells and the
surrounding tissue. (120-124) Furthermore, as described in Sections 3.2 and 3.3, a number
of soluble factors may also be involved in recording site corrosion and degradation of
insulating coatings.

It should be noted that astrocytes and other cells are also known to secrete pro-inflammatory
and cytotoxic soluble factors. However in general these cells are believed to produce
significantly less pro-inflammatory and cytotoxic soluble factors than activated
macrophages and microglia. (120) Furthermore, comparative studies have indicated that
macrophages/microglia, and not astrocytes, are the key source of pro-inflammatory and
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cytotoxic soluble factors that mediate neurodegeneration in a number of disease states.
(125-127)

Of the plethora of soluble factors within a macrophage’s available palette, previous work
from Biran et al. has shown that adherent cells retrieved from explanted devices secrete both
tumor necrosis factor-alpha (TNF-a) and monocyte chemotactic protein-1 (MCP-1). (107)
TNF-a can have direct toxic effects on neurons and oligodendrocytes, while MCP-1 is a
chemokine involved in opening the blood-brain barrier (BBB) and recruiting new
macrophages to sites of injury and inflammation. (120, 121, 124, 128-134)

Several recent studies have also provided further support for the predominant role of
macrophage-released soluble factors on recording function and the neuro-inflammatory
response. For example, Karumbaiah et al. have shown that gene expression for various pro-
inflammatory soluble factors, specifically 1L-1,6 and 17 as well as TNF-q, is up-regulated in
tissue surrounding poorly performing microelectrodes. (135, 136) In addition, Potter et al.
have shown that accumulation of reactive oxygen species surrounding implanted
microelectrodes may impact neuronal viability. (69)

Skousen et al. have suggested that macrophage-secreted soluble factors may be critical in
both propagating as well as shaping the response to traditional microelectrode designs. (117,
137) Specifically, it was shown that predicted distributions for macrophage-released soluble
factors correlate well with the shape and structure of the neuro-inflammatory response to
traditional microelectrode designs regardless of device compliance. These observations
reveal that presented architecture is a major contributing factor to the overall neuro-
inflammatory impact on surrounding neural tissue. Taken together, the studies referred to
above indicate the utility of strategies that reduce the concentration of pro-inflammatory and
cytotoxic soluble factors to improve recording function. To have maximal impact, as
suggested by Skousen et al., strategies should focus on 1) limiting the local number of
activated macrophages at the device interface, 2) reducing the degree of inflammatory
cellular activation, and 3) directly antagonizing the accumulation of pro-inflammatory and
cytotoxic soluble factors themselves. (117, 137)

3.4.5. Astrogliosis and Fibrotic Encapsulation—Surrounding the inflammatory core,
a region consisting of hypertrophic astrocytes as well as infiltrating fibroblasts and
meningeal cells has also been observed. (69, 70, 107, 109, 117, 138-146) In healthy brain
tissue, astrocytes regulate the local microenvironment. Astrocytes sequester a number of
neurotransmitters and ions, while also maintaining the BBB that isolates the cellular and
ionic milieu of the brain from that of the supporting vasculature. (147-150)

Following injury, astrocytes increase the number and size of their cellular processes, and are
primarily identified by increased staining for glia fibrillary acid protein (GFAP), an
astrocyte-specific intermediate filament. Hypertrophic astrocytes are believed to play a
similar role to that of reactive fibroblasts in the foreign body response in other tissue
compartments. (151) Specifically, astrocytes create a dense scar-like layer that limits volume
transmission. (152)
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Many neuro-inflammatory studies have hypothesized that the astrocytic diffusion barrier
may play a beneficial role in restricting the impact of macrophage-secreted factors on the
surrounding tissue, as well as mechanically shielding the surrounding tissue from
micromotion induced strains surrounding the historically stiff microelectrodes. (94, 98, 153-
157) However, astrogliosis or other forms of fibrotic encapsulation, may also increase the
tissue’s impedance to small ion transport, potentially limiting recording function as
suggested by Porter et al. and later by Schmidt and colleagues. (30, 31, 158)

3.4.6. Neuronal Loss at the Electrode-Tissue Interface—Associated with the
regions of inflammation and reactive gliosis, studies have described a decrease in the local
nerve fiber and neuronal cell body densities surrounding implanted devices. (107, 109, 143,
145, 159, 160) While a significant number of neurons remain within the recording range, the
overall decrease in neuronal density (approximately 40-60% in most studies) indicates that
the environment may no longer be ideal for promoting neuronal health and function. Clearly
any compromise of the target neuronal population may influence device function.

It has become well established that chronic inflammation and neuronal loss are associated
with the persistent presence of the implant, and are not solely the result of iatrogenic injury.
In their seminal paper, Biran et al. compared various markers of neuro-inflammation in
chronically implanted animals to animals that received only a stab wound injury. (107) The
authors found that chronic neuro-inflammation and neuronal loss does not accompany stab
wound injuries made with microelectrodes identical to those left in place.

Biran’s findings have been confirmed and expanded upon by several groups, including
McConnell et al., and Potter et al. (109, 161) Both of these studies also observed that
microelectrode implantation within the cerebral cortex may trigger a multiphasic neuro-
inflammatory and neurodegenerative response. However, it should be noted that the time-
course of the neuro-inflammatory response is still being debated due to discrepancies
between, and even within, different laboratories. (78, 87, 109, 161, 162) Furthermore,
several studies have failed to establish a direct correlation between neuro-inflammation and
recording quality. This disconnect may be due to the complex interconnectedness of
microelectrode failure modes or, as discussed in Section 3.4.10, non-linear relationships
between electrode function and the neuro-inflammatory response. (160)

3.4.7. Local Extracellular Matrix Changes—Associated with the region of astrocyte
hypertrophy and reduced neuronal density, a number of studies have described changes in
local extracellular matrix (ECM). Injury-induced changes in ECM have been widely
reported following traumatic brain injuries and in many neurological diseases. (163-165)
Following microelectrode implantation, Zhong et al. have described an up-regulation of
chondroitin sulfate proteoglycans (CSPGs) at the biotic/abiotic interface. (166) CSPGs are
generally considered neuro-inhibitory. (167-173) Therefore, as with successful repair and
regeneration following spinal cord injury, it is likely that the altered ECM impedes
successful neuronal regeneration in tissue adjacent to the implanted microelectrode.
Furthermore, changes in the ECM density could also further limit volume transmission
surrounding implanted microelectrodes.
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3.4.8. Blood-Brain Barrier Dysfunction—New observations from Tresco’s group have
opened other potential explanations as to how the neuro-inflammatory response to an
implanted microelectrode could influence recording. As observed in many
neurodegenerative disorders, it was found that local BBB integrity is compromised in the
tissue immediately surrounding implanted microwires and Michigan-style microelectrodes.
(78, 117) These findings suggest that an altered local ionic milieu could influence recording
instability. (174-176) Recently Potter et al. studied the progression of BBB integrity over
time and found that similar to neuro-inflammatory diseases such as multiple sclerosis, BBB
dysfunction is highly dynamic. (87, 109, 177, 178)

Additional recent data further highlights the potential role of BBB dysfunction in connection
with poor recording performance. Findings from the Bellamkonda group with Michigan-
style and microwire electrodes (162) have shown that recording performance correlates with
markers of BBB dysfunction such as extravasated immunoglobulin G (IgG) or labeled
albumin.

Beyond directly impacting neurons and recording function, it is important to emphasize that
infiltrating blood products also serve as persistent stimuli for perpetuating neuro-
inflammation and vice-versa. For example, extravasated fibrinogen, plasma soluble
fibronectin, complement factors, and other blood products have been shown to be potent
mediators of macrophage and microglial activation. (118) Following extravasation, blood-
products are involved in inflammatory cell activation through TLR, CD14 (i.e.
glycosylphosphatidylinositol-anchored membrane glycoprotein), and other receptor-
mediated pathways. (119, 120) A variety of blood components are likely present at the
microelectrode/tissue interface throughout the lifetime of the implant as a combination of
phenomena. This combination includes 1) the initial damage of microelectrode implantation
into the cortex, 2) motion-induced damage at later timepoints, 3) macrophage/microglia
trafficking at both early and chronic time points and 4) persistent pro-inflammatory
signaling. Thus, developing a combination of methods to break the self-perpetuating cycle
of inflammation and BBB dysfunction should be of key focus in the field to improve
microelectrode biocompatibility.

3.4.9. Connecting the Neuro-Inflammatory Response and Recording Quality—
While a number of potential mechanisms have been presented to describe how the brain’s
response may impact recording function, the direct connection remains unclear. However,
there is increasing evidence indicating that the neuro-inflammatory response may be a
primary hurdle to consistently obtaining high quality recordings. For example, in 2007,
Rennekar et al. examined whether systemic anti-inflammatory administration could improve
recording performance. (179) The drug used in Rennekar’s study, Minocycline, is a
tetracycline antibiotic known to shift macrophages and microglia away from a pro-
inflammatory (M1) phenotype. (180, 181) Electrodes in rats that received oral minocycline
treatment showed a significant improvement in both signal to noise ratio (SNR), and the
number of channels that recorded stimulus-driven neural activity. Unfortunately, while
likely implicating inflammation, little histological examination was performed to link
particular cells types (such as macrophages) or reactive species to recording function.
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Delivery of another anti-inflammatory drug, dexamethasone, has been shown to reduce the
inflammatory response to inserted microelectrodes. (182—-185) However, studies describing
the impact of dexamethasone administration on recording performance have, to our
knowledge, not been performed. Interestingly, studies that delivered dexamethasone locally
around an implanted microelectrode showed no significant impact on the reactivity at later
time points. This apparent discrepancy is likely due to exhaustion of the drug source.
Therefore a chronic anti-inflammatory regimen or more permanent solution will be needed
to regulate the neuro-inflammatory response through the lifetime of the implanted
microelectrode.

Unfortunately, even if it was possible to continually deliver dexamethasone or minocycline,
this would not be an adequate long-term solution, as chronic use of either drug can result in
immune system impairment, decreased renal function, vertigo, bone discoloration/loss, fatal
colitis, and intracranial hypertension. (186-189) Therefore, while the use of Minocycline
and dexamethasone provides a mechanistic understanding regarding how inflammation may
impact electrode performance, better-tolerated pharmaceutical and materials-based
approaches need to be developed.

To further elucidate the role of inflammation on recording function, Tyler and colleagues
examined whether exacerbation of the inflammatory response would reduce recording
performance. (190) To answer this question, Tyler’s group compared the recording quality
of Michigan-style devices in control animals to that from animals that were administered the
bacterial endotoxin lipopolysaccharide (LPS). LPS is a known stimulus for driving
macrophages and microglia to a pro-inflammatory state through Toll-like receptor pathways.
(191-193) Microelectrodes in rats that received LPS had significantly lower signal to noise
ratios and number of recorded units compared to saline-only control animals. (98) Thus,
Tyler and colleagues’ results further implicate neuro-inflammation as a primary biological
mediator of recording performance.

While Tyler’s work demonstrated that large-scale exacerbation of neuroinflammation
impacts recording quality, more recent evidence from Ravikumar et al. suggests that even
small-scale shifts in neuroinflammation can dramatically impact the local tissue. (160)
Specifically, Ravikumar et al. examined the brain tissue response to sterilized silicon
microelectrodes with varied amounts of low-level endotoxin contamination. Histological
evaluation at two weeks showed a direct correlation between microglia/macrophage
activation and residual endotoxin levels. By contrast, astrogliosis, neuronal loss, and blood
brain barrier dysfunction demonstrated a threshold-dependent response to bacterial
endotoxins and macrophage/microglia activation. A threshold-dependent response
demonstrates that even subtle changes in the neuro-inflammatory environment over time
could underlie observations of recording inconsistency as the environment shifts back and
forth beyond a critical inflammatory threshold.

In their study, Ravikumar et al. also indicated that in the 108 published microelectrode
studies that they reviewed, a wide range of sterilization methods were used. Quite strikingly,
different distributions of sterilization methods are seen in studies that utilize functional and
non-functional electrodes, respectively. It appears to be rather concerning that in as many as
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20% of the studies, no details on how the implants were cleaned and sterilized were
reported. This raises the question, to what extent our understanding of electrode
performance is confounded by lack of attention to potentially critical details, which should
be noticed and reported.

3.5. Summary of the Challenges to Achieving Consistent, High-Quality Neural Recordings

The above section summarizes the many mechanisms that can spatially and temporally
mediate microelectrode failure. These failure modes include, but are not limited to, 1) direct
mechanical damage; 2) corrosion of electrical contacts; 3) degradation of passivation layers
and insulating coatings; and 4) the neuro-inflammatory response that the brain mounts
against chronically implanted devices. Figure 4 highlights how each of these various failure
modes may impact the overall neural interface circuit.

Due to the variety of failure modes and the high level of interplay involved, it is increasingly
evident that combinatorial strategies may be needed to obtain consistent, high quality neural
recordings. While a number of anti-inflammatory drugs have been investigated and have
provided information on whether/how neuro-inflammation may impact electrode
performance, better-tolerated, longer-lasting approaches need to be further developed.

Furthermore, one could argue that all four of the described failure modes could be mitigated
through the appropriate choice and/or development of more appropriate materials.
Therefore, it is not surprising that material-based approaches to mitigating microelectrode
failure and/or poor tissue integration have received considerable attention.

4. MATERIAL STRATEGIES FOR IMPROVING MICROELECTRODE
BIOCOMPATIBILITY AND RECORDING PERFORMANCE

In the last decade, various materials-based strategies have been investigated with the
objective of minimizing the neuro-inflammatory response and enabling high-fidelity neural
interfacing over clinically relevant timeframes. In all cases, developers have sought to
address one or a set of the limitations discussed in Sections 2 and 3. Throughout the
remainder of the paper we will review the primary approaches to develop the next
generation of intracortical microelectrodes including:

e Minimizing motion-induced injury using compliant microelectrode substrates

»  Limiting surgical trauma and/or inflammatory cell accumulation by manipulating
microelectrode architecture

e Preventing protein and inflammatory cell adhesion through non-fouling surface
coatings

»  Manipulating inflammatory cell phenotype through use of surface topography

» Directing tissue integration at the microelectrode-tissue interface using bioactive
materials

» Reducing the concentration or impact of inflammatory soluble factors through the
use of passive and active antagonists
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» Improving the electrical performance of intracortical microelectrodes using
conducting polymers and nanomaterials

Each subsection is concluded with our interpretation on the strengths/limitations and
questions that must be addressed to enable consistent, high-quality long-term neural
recordings.

There are a number of important facts to consider when comparing and analyzing the impact
of material-based approaches for improving microelectrode function. First, isolating the
impact of a given strategy to one specific variable that could influence the neuro-
inflammatory response is difficult at best. For example, as will be discussed in Section 4.1, a
major strategy in the field for reducing the neuro-inflammatory response is the creation of
compliant, polymer-based microelectrodes that better match the mechanical properties of the
surrounding tissue. However, many of the polymers used to create compliant
microelectrodes absorb a significant degree of water and are likely permeable to small
molecules. Thus the innate permeability of these complaint materials adds the possibility
that findings from these studies have been influenced by improved clearance of pro-
inflammatory and cytotoxic soluble factors (Section 4.6.1). Therefore, to elucidate the
overall design space available for microelectrode designers, further studies should be
conducted to isolate the impact of individual design variables as well as to identify possible
interactions or emergent phenomena.

Equally as important when analyzing findings from studies that have examined new
strategies for reducing the neuro-inflammatory response, one must critically assess the role
that tissue processing and other techniques may have on reported results. For example, in
almost all cases the implanted microelectrodes are removed from tissue prior to analysis.
Microelectrode removal may disrupt the tissue interface and influence data interpretation,
especially for coatings that impact cell attachment. (78, 107, 108, 194) Different groups also
use a variety of diverse markers to describe related cellular and molecular features of the
neuro-inflammatory response. An example of this is the use of pan-macrophage markers
such as OX-42 and IBA-1 versus markers for activated macrophages such as CD-68. There
are also large to subtle differences in the methods used to image, quantify, and statistically
compare histological results that can lead to differences in interpretation. Common
differences include the use of confocal versus traditional microscopy, the use of boutique
quantification packages, as well as discrepancies in defining what makes for an independent
measurement/observation. Therefore, efforts to improve the quality and consistency of
methods across and even within groups would be useful for improving intra-study
comparisons.

4.1. Mechanically Compliant Intracortical Microelectrodes

As discussed above, traditional microelectrodes have been composed of extremely stiff
materials such as metals or silicon. The high stiffness has facilitated microelectrode
implantation into the cortical tissue. (79) Unfortunately, a number of groups have
hypothesized that increased stiffness may adversely impact neuronal tissue through a
number of mechanisms. (88-95) First, in vitro evidence indicates that substrate stiffness,
even in a static culture environment, may adversely impact neuronal and glial cell types.
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However, a number of in vivo studies looking at either stiff materials or those coated with
compliant polymers have indicated that haptic-mediated mechanotransduction may not play
as significant a role as initially thought (see Sections 4.1.3,4.2.1, 4.3 and 4.6.1). (117, 195)
The second, and perhaps more predominant hypothesis, is that mechanical differences
between the brain and microelectrodes induce adverse strains in the surrounding tissue
during regular brain micromotion. (95, 138, 196) Therefore, compliant materials that have
mechanical properties closer to that of brain tissue have received extensive attention towards
improving microelectrode integration within the surrounding tissue.

4.1.1. Mechanical Factors Impacting Intracortical Microelectrode
Biocompatibility—When manipulating microelectrode compliance it is important to
further discuss a number of mechanical factors that may impact microelectrodes or the
surrounding tissue during insertion and throughout the indwelling period. During insertion,
three primary forces act on the microelectrode, namely: an axial tip force, frictional forces
excreted on any presented surface, and a compressive clamping force (Figure 9). The
summation of these three forces is commonly referred to as the total insertion force (IF). The
IF for traditional microelectrodes ranges from 500-1000 uN depending on the shape of
electrode’s tip and dimensions of the electrode’s shank. (196, 197)

To avoid buckling during insertion, the IF must be lower than the critical loading force
(CLF) for a given design. Therefore, both the IF and CLF should be considered when
creating any new microelectrode design. Given similar dimensions to traditional microwire
or planar silicon microelectrodes, compliant devices should have an IF > 1000 pN to avoid
buckling. (198-201) To satisfy this design criterion many compliant microelectrodes were
designed with larger cross sectional areas than traditional microwires or silicon
microelectrodes. As will be discussed in Sections 4.1.3 and 4.1.4, a number of groups have
also moved to using insertion aides or in situ softening materials in order to insert smaller or
more compliant devices.

As stated, there is substantial belief in the field that mechanical differences between the
brain and traditional microelectrodes induce adverse strain in the surrounding tissue during
normal respiratory and circulatory pulsations. Unfortunately, while in vivo studies have
described insertion and extraction mechanics, (96, 157) only one study has been performed
to directly quantify microelectrode-induced strain over the indwelling period. (96)
Determining whether implanted microelectrodes induce sufficient strain to adversely impact
neural and inflammatory cells is a critical gap in the field.

Aside from the one in vivo study, several computational models have been developed to
estimate this elusive parameter. (89, 202-204) Such modeling studies support the hypothesis
that mechanical mismatch between the implanted microelectrode and surrounding brain
tissue could lead to adverse strains and stresses being generated during normal brain
micromation. (95) Furthermore, while the majority of the field has focused on electrode
stiffness, the models suggest that tethering scheme and the degree of tissue adherence are
additional variables that can be manipulated to reduce microelectrode-induced strains.
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Of these additional variables, perhaps the best characterized in vivo is the impact of device
tethering. Starting with Biran et al., multiple studies have indicated that tethering devices to
the skull exacerbates the neuroinflammatory response. (108, 145, 205) While these findings
support the hypothesis that mechanical mismatch plays a role in propagating the
neuroinflammatory response, there are alternative explanations and contradictory evidence
in the field. For example, one alternative explanation is that anchoring exacerbates
inflammation by facilitating meningeal fibroblast migration into the brain. This is supported
by recent findings indicating that submeningeal implantation reduces the neuro-
inflammatory response. (206) Furthermore, the only in vivo tethering study driven directly
by a computational model failed to confirm the predicted impact of various tethering
schemes. (207)

Therefore, while mechanical models have expanded our understanding of the impact of a
number of biotic and abiotic parameters, there is still further work that should be pursued.
Direct validation of the in silico models with in vivo data is necessary. Mechanical models
also could be further improved by incorporating more accurate mechanical properties of the
surrounding glial scar. Work has only recently been completed by the Muthuswamy group
to quantify microelectrode-induced changes in the mechanical properties of the surrounding
tissue. (96)

4.1.2. “Off-the-Shelf” Compliant Polymeric Materials for Intracortical
Microelectrodes—Several groups have developed compliant microelectrode substrates
and coatings from “off-the-shelf” polymeric materials. These materials include polyimide,
benzocyclobutene (BCB), polydimethylsiloxane (PDMS), Parylene-C and SU-8. (201, 207—
213)

To date, only a limited examination of the tissue response to microelectrodes made from
“off-the-shelf” complaint materials has been performed. In vitro culture has been the
predominant characterization tool. The results of these studies have indicated that a number
of traditional compliant polymers are non-toxic and support the attachment of neuronal and
glial cells. Interestingly, there is little evidence that any of these “off-the-shelf” materials
significantly reduce the in vivo neuro-inflammatory response.

Characterization of recording performance from electrodes made from “off-the-shelf”
compliant materials is also quite limited. Again the majority of microelectrodes made from
“off-the-shelf” compliant materials have proven successful during in vitro recording studies.
A limited number of materials have undergone acute in vivo testing. For example, using
BCB-based microelectrodes, Clement et al. succeeded in recording neural signals from rat
cortex. (214) Additionally, Altuna et al. were able to record multi-unit activity as well as
local field potentials using an SU-8 based microelectrode. (215) Longer-term studies are
now needed to examine if these complaint microelectrodes reduce the neuro-inflammatory
response or improve chronic recording performance.

There are still a number of inherent limitations to these “off-the-shelf” materials. For
example, in nearly all cases their stiffness is still at least 3 orders of magnitude higher than
brain tissue. While modelling studies have indicated that reducing microelectrode stiffness
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to the MPa range will limit tissue strain, it is unclear exactly how soft a material must be to
achieve reductions in the neuroinflammatory response or improvements in recording
function.

As with many of the early metals used for microelectrodes, toxicity has been a concern with
a number of “off-the-shelf” compliant polymers. Toxicity may be caused from the polymer
itself or from leaching of residual solvents, plasticizers, or degradation products. For
example, Vernekar showed that thick untreated SU-8 substrates are not compatible with
primary neuronal culture as less than 10% of primary neurons survived when cultured on
SU-8 substrates. (216) The authors suggested that the poor cytocompatibility of SU-8 was
due to leachables as neuronal survival increased when substrates underwent heated vacuum
treatment and sonication in isopropanol. It is important to note that leachable-mediated
toxicity is not isolated to SU-8 alone, as other groups have described toxicity with PDMS
and Poly Vinyl Alcohol (PVA) as well. Therefore toxicity testing should be performed on
any new polymer system before time consuming and costly animal trials. However, as a
word of encouragement, it is likely that more careful preparation of these materials will
overcome issues related to toxicity, as many are routinely used in biomedical applications
without incident.

Moisture uptake is another factor that may impact the performance of polyimide, as well as
a number of the in situ softening materials that will be discussed in Section 4.14. Polyimide,
for example, swells by approximately 4-6% (w/w) upon implantation. (208, 217, 218)
Swelling of polyimide has been linked to a rapid decrease in electrode performance after
implantation. However swelling may not be altogether negative. As will be described in
Section 4.6.1, Tresco and colleagues have proposed that polymer swelling may also provide
an additional clearance mechanism for pro-inflammatory soluble factors. (137) Therefore,
swelling may provide an alternative/complimentary explanation for improvements in the
neuroinflammatory response to compliant polymer substrates, provided that the increased
water uptake does not interfere with the electrical circuit or electrode insulation.

4.1.3. Strategies to Prevent Buckling During Insertion of Compliant
Microelectrodes—While the stiffness of many “off-the-shelf” compliant materials is still
significantly higher than brain tissue, it is low enough to cause buckling in devices made on
the same scale as traditional microwires or planar MI-style microelectrodes. To prevent
buckling a number of larger device designs and insertion aides have been developed.

Perhaps the simplest method to prevent buckling of more compliant microelectrodes is to
increase the size of the device beyond the traditional architectures used in microwire or
siliconbased implants. LaPlaca took this approach to facilitate insertion of Parylene-C based
microelectrodes. (201) Similar to MI-style microelectrodes LaPlaca’s probes were designed
to be 100 um wide; however, the thickness was roughly doubled to 25 um. LaPlaca’s
findings indicate that only slightly larger designs may be needed to prevent buckling.
Obviously increasing device size may have consequences. For example, increasing device
size will reduce device compliance and increase strain induced on the surrounding tissue. In
addition, increasing device size will also exacerbate the initial iatrogenic injury.
Interestingly, Skousen et al. has indicated that the neuroinflammatory response to single
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penetrating devices may not be greatly impacted by increasing device size beyond that found
in traditional designs. (117) However, findings from Skousen and others also indicate that
the neuroinflammatory response can be greatly reduced by transitioning to architectures that
are smaller than traditional designs (see Section 2.1). (117, 145, 159)

Other efforts to prevent buckling of compliant microelectrodes have focused on reinforcing
compliant polymers with stiffer materials. For example, Lee et al. reported on a new design
for polyimide-based intracortical microelectrodes, which provides adequate stiffness for
insertion into neural tissue. (217, 218) In Lee’s design, a 5-10 um thick silicon layer was
applied to the polymer to prevent buckling during insertion. Similar designs have been
reported for BCB. (219, 220) Penetration tests into rat brains showed that reinforced
polyimide based microelectrodes of similar size to a standard MI array could penetrate the
rat pia without buckling. However it should be noted, that the composite Young’s modulus
of these electrodes increased significantly from 2.8 GPa (neat polyimide without silicon
backbone) to 31GPa and 58GPa with a 5 or 10 um thick silicon layer, respectively. (217,
218) Therefore, the use of permanent reinforcement may be counterproductive towards
minimizing chronic tissue strain as the overall compliance is reduced little, if at all,
compared to traditional devices.

As an alternative to the silicon-reinforced systems discussed above, Takeuchi et al.
incorporated a microfluidic channel into a compliant Parylene-C based microelectrode.
(209) Takeuchi filled the channel with a dissolvable poly(ethylene glycol) (PEG)
reinforcement. Using this approach, the authors were able to successfully insert their
compliant device and record neural signals directly after implantation. Despite the promise
of these early reports, longer-term studies have not been reported.

More recently, and perhaps inspired by Takeuchi’s dissolvable system, several groups have
investigated the use of biodegradable polymers as shuttles for compliant devices.243: 251, 252
One of the most promising examples of a degradable shuttle was explored by Shain and
Kohn. In a series of investigations, Shain and Kohn studied several tyrosine-based
polycarbonates as biodegradable carriers for intracortical microelectrodes. (221-223)
Tyrosine-based polymers have many attractive properties including the neutral pH of
products created during hydrolysis of the polymer. Other degradable shuttles that have also
been investigated include poly(lactic acid), glucose and gelatin. (212, 222, 224-228)

In summary, a number of strategies have been developed to facilitate insertion of compliant
microelectrodes including increasing device size and the use of permanent and temporary
reinforcement schemes. It is important to note that the use many of these methods will
increase the initial iatrogenic injury. Furthermore increasing device size or the use of a
permanent insertion aide may negate any mechanical benefit achieved by using a compliant
polymer, thus providing no increase to the quality and stability of neural recordings.

4.1.4. In Situ Softening Materials—An alternative approach to the strategies described
above has been the development of in situ softening materials as substrates for intracortical
microelectrodes. Such “smart” materials are being considered for a broad range of
biomedical applications, including use as delivery vehicles for therapeutic molecules, use as
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mechanical actuators, and as scaffolds for regenerative medicine applications. (229-234) In
situ softening materials have received attention as microelectrode substrates as they are
sufficiently stiff to facilitate implantation into the brain, but then soften in vivo to better
match the mechanical properties of cortical tissue.

The first realization of an in situ softening microelectrode was reported by Capadona et al.
in 2008. (100) Taking a biomimetic approach, the team utilized the microstructure of the sea
cucumber dermis as the blueprint for a new class of stimuli-responsive, mechanically
adaptive polymer nanocomposites. Specifically, the current generation of mechanically-
adaptive nanocomposites is based on a poly(vinyl acetate) (PVAc) matrix reinforced with
rigid cellulose nanocrystals (CNCs). (103) When dry, these nanocomposites are in a rigid
state (E' = 5.1 GPa), due to the glassy matrix and the rigid percolating network of the CNCs.
Upon exposure to physiological conditions, the nanocomposite absorbs fluid and swells
considerably (30-90% w/w depending on the type of CNCs). Subsequently the
nanocomposite undergoes phase transition and softens (E' = 12 MPa) as water plasticizes the
matrix and disassembles the CNC network (Figure 10). It was shown that dry implants of
this nanocomposite can readily be inserted through the pia mater into the cerebral cortex of
a rat without the need for assistive devices. The insertion of the chronically compliant
materials was a significant feat as reference implants consisting of the neat matrix polymer
(PVAC) buckled under lower loads before they could be inserted into the cortical tissue. (98)
Ex vivo studies confirmed that the initially stiff microscale nanocomposites rapidly softened
when implanted into the rodent brain. Figure 11 shows the stiffness of a 12.2% v/v
PVAC/CNC nanocomposite upon introduction into artificial cerebrospinal fluid (ACSF) at
22 °C (Young’s modulus ~3400 MPa), and reveals that the softening occurs over the period
of 15 min to reach a Young’s modulus of ~33 MPa. A comparison between the Young’s
modulus of microprobes that had either been implanted in a living rat cortex showed no
statistical difference immersed for 15 min in ACSF (Figure 11). (97, 98)

In preliminary investigations, Hess et al. (91, 92) have shown that functional
microelectrodes can be made using laser micromachining followed by deposition of a
Parylene-C insulating layer, sputtering of Ti/Au electrodes, and deposition of an overlaying
Parylene-C coating. Initial histological evaluations of in situ softening materials in vivo
demonstrated that compliant implants more rapidly stabilized neural cell populations than
rigid microwires at four weeks post-implantation. (94) However, no significant difference
was observed at 8 weeks post-implantation. Thus, the results of Harris’s initial studies could
be interpreted that, despite acute benefits, the mechanical mismatch between
microelectrodes and cortical tissue appears to have little effect on the chronic neuro-
inflammatory response. However, this oversimplified interpretation deserves further
consideration. Previously Tresco and colleagues have observed that microwires, on a similar
size scale as those used by Harris et al., have a reduced response compared to larger Mlistyle
microelectrodes. (194) Therefore the lack of significant difference at 8 weeks may actually
quite promising.

To verify this interpretation, Nguyen et al. recently completed a more comprehensive
evaluation of the neuroinflammatory response to PVAc/CNC nanocomposite implants
through a 16 week implantation period. At this later time point, they observed nearly
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complete attenuation of inflammatory cell activation, and the absence of any appreciable
neuron loss surrounding PVAc/CNC nanocomposites compared to chemically-matched

PV Ac-coated MI-style microelectrodes (Figure 12). (235) Interestingly, unlike Harris’ initial
study, few statistically significant differences were observed between compliant and stiff
PVAc implants at early time points. This discrepancy could be due to differences in either
the controls, surgical technique, or a number of other factors, but it does emphasize the
difficulty of intra-study comparisons and the need for further standardization of techniques
throughout the field.

In situ softening intracortical implants have also been made from shape memory polymers
(SMPs). (236, 237) (104, 236) For example, Sharp et al. developed SMP-based
microelectrodes from an epoxy-based polymer using a micro-casting technique. (237) More
recently, Ware et al. developed SMP based-microelectrodes from acrylate and thiol-ene/
acrylate polymers. (93, 236) (104, 236) Due to acrylate’s sensitivity to a number of
environmental factors necessary for photolithographic processing, a transfer-by-
polymerization process was used instead. In vivo studies demonstrated that both acrylate and
thiolene/acrylate-based microelectrodes were capable of recording neuronal signals in a rat
cortex. However, improved histological studies to further verify these findings, and a head-
to-head comparison of recording performance to that of traditional microelectrodes have not
been reported to date. (104)

Recently Tien et al. used silk fibroin to fabricate a third type of mechanically adaptive
microelectrode. (238) The elastic modulus of silk is reduced upon hydration from 1.8 GPa in
the dry state to 20 MPa in the wet state. Beyond being a compliant, Tien et al. have also
engineered their system to release scar-inhibiting agents such as the enzyme chondroitinase
ABC (chABC) as a potential avenue to ameliorate axonal growth inhibition by CSs within
the glial scar. While promising, to date, the effect of silk fibroin coatings has only been
examined using in vitro models and no recording studies have been performed.

4.1.5. Summary of Important Considerations Regarding Compliant
Microelectrodes—Mechanical mismatch has been hypothesized to promote and
perpetuate the neuro-inflammatory response. If this hypothesis proves true, an obvious
solution is to increase the compliance of implanted microelectrodes. However,
microelectrode design also must be concerned with the conflicting mechanical requirements
necessary to prevent microelectrode buckling during insertion. Fortunately, a number of
strategies have been developed to overcome this hurdle including insertion aides and in situ
softening materials.

Although, some of the strategies described above have facilitated insertion of single-shank
electrodes, challenges still exist if they are to be applied to multi-shank designs. Parallel to
the idea that it is improbable that one absolute mechanism mediates microelectrode failure,
it is also unlikely that one device will serve the needs of the entire recording community.
Therefore, even single shank implants may provide promise to individual laboratories and in
specific applications.
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As stated, perhaps the two largest gaps in the field of compliant microelectrodes is that no
studies have been performed to directly quantify: 1) the effects of device stiffness/
compliance on electrode recording quality, and 2) if microelectrode-induced strain over the
indwelling period can be reduced by material choice or electrode design. Therefore, due to
the well-established strategies for overcoming mechanical mismatch, particular emphasis
should be directed at validating this widely pursued hypothesis. If in vivo studies confirm
that compliant materials are indeed better than traditional rigid microelectrodes, one must
ask how compliant do they need to be? While answering this question it will be critical to
utilize properly designed experiments and appropriate controls to avoid the insertion of
confounding explanations and interpretations.

Finally, and most importantly, one of the larger problems with softening implants is the
requirement for some degree of water to ‘switch’ the mechanical properties. In our
unpublished experience, the accumulation of water into early devices created delamination
between material components, and created problems which limits evaluation of the probes to
histological studies, preventing long-term electrophysiology experiments. Recent advances
in fabrication and materials processing has overcome this limitation, (91) and
electrophysiology studies are underway.

4.2. Manipulating Microelectrode Architecture to Reduce Neuro-Inflammation

A second major strategy to reduce the neuro-inflammatory response to intracortical
microelectrodes has focused on altering device geometry and architecture. A number of
theories have been proposed for how altering geometry and architecture could be used to
reduce the neuro-inflammatory response. Theories include 1) altering tip geometry or the
penetrating profile of the microelectrode to reduce surgical trauma, 2) reducing feature size
to improve mechanical compliance, and 3) minimizing presented surface area to reduce the
local number of inflammatory cells in a given volume.

4.2.1. Theories for how Microelectrode Architecture Impacts Neuro-
Inflammation—Szarwoski et al. conducted the first study investigating the potential of
changing device architecture to alter the neuro-inflammatory response. (239) The authors
studied the neuro-inflammatory response to a variety of devices with different cross
sectional areas, tip geometries, and surface roughness and concluded that the tissue response
was independent of these electrode properties. However, it is possible that their results and
conclusions stem from the fact that the range of given parameters were too narrow to induce
significant changes in the neuro-inflammatory response. Indeed, the broad conclusions of
Szarwoski et al. have since been contradicted by several recent studies. (145, 159, 240)

Of the contradicting studies, both Stice et al. and Thelin et al. provided evidence that
changing device geometry and reducing presented surface area impact the neuro-
inflammatory response (145, 240). The two studies independently revealed significant
differences in classic hallmarks of the neuro-inflammatory response between microwires of
different diameters. Both groups hypothesized that reducing the initial iatrogenic injury by
presenting a smaller cross-sectional area drove their results. However, while plausible, this
interpretation is confounded due to differences between the presented surface area and
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curvature of the disparate sized microwires as well as possible differences in mechanical
compliance.

Additionally, work presented by Seymour and Kipke found significant differences in both
the neuronal and non-neuronal cell responses between a SU-8/Parylene-C based electrode’s
larger shank and an adjoining lateral platform designed with a variety of different sized
lattice architectures. (159) Using devices with identical penetrating profiles Seymour and
Kipke removed the impact of the initial iatrogenic injury from their findings/interpretations.
Thus, while the extent of iatrogenic injury may play a role in the severity of the neuro-
inflammatory response, Seymour and Kipke clearly demonstrated that other architecture-
governed properties are at play as well. The authors concluded that mechanical differences
between the thin adjoining lattice structures and the larger primary solid shanks were the
underlying cause of their results. While studies have suggested that mechanics may play a
role in the neuro-inflammatory response (Sections 3.4.2 and 4.1), further mechanisms could
also be at play.

For example, Skousen et al. have suggested that architecture (specifically the local surface
area) may be manipulated to control the number of inflammatory cells and the concentration
of pro-inflammatory and cytotoxic soluble factors at the device interface. (117) To test their
hypothesis, Skousen et al. compared the tissue response of planar silicon microelectrodes
with either a solid shank or thin lattice architecture. Despite being less compliant than the
polymer-based lattice devices used by Seymor and Kipke or the compliant materials
discussed in Section 4.1, (159) the silicon-based lattice microelectrodes still significantly
reduced the neuroinflammatory response after an 8-week indwelling period. Specifically,
Skousen et al. observed a reduction in inflammatory cell activation, blood brain barrier
dysfunction and neuronal loss surrounding the lattice microelectrodes. Skousen’s findings
confirm that other architecture-governed properties beyond iatrogenic injury or
microelectrode compliance influence the severity of neuro-inflammatory response. Current
studies are investigating the use of novel architectures to improve microelectrode function
and biocompatibility.

4.2.2. Driving Next-Generation Microelectrode Designs Using Predictive
Modelling—To facilitate further investigation of the role that microelectrode architecture
and other constitutive properties play in the neuro-inflammatory response, several
computational models have been developed. The first series of these models estimated the
mechanical strains induced in the surrounding tissue due to microelectrode architecture and
stiffness. (89, 202—204) Such modeling studies support the hypothesis that mechanical
mismatch between the implanted microelectrode and surrounding brain tissue could lead to
adverse strains and stresses being generated. (95)

While mechanical models have expanded our understanding of the impact of a number of
biotic and abiotic parameters, there is still further work that should be pursued. For instance,
mechanical models could be further improved by incorporating more accurate mechanical
properties of the surrounding glial scar. Work has only recently been completed by the
Muthuswamy group to quantify microelectrode-induced strain on the surrounding tissue.
(96) This newly described quantified strain data will be extremely useful to understand
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whether modeled in vivo strain fields around microelectrodes compare to strain ranges
shown to affect various neural and inflammatory cells in vitro.

In addition to models describing the mechanical impact of microelectrode design on the
surrounding tissue, Skousen et al. have introduced models to estimate soluble factor
distribution surrounding various electrode designs. (117) Results indicate that the spatial
distribution of proinflammatory factors surrounding an implanted device is governed by the
local number of adherent inflammatory cells, and the spatial summation of their released
soluble factor gradients. Thus, reducing feature size and isolating architectural components
spatially from one another can be used to minimize the concentration of negative soluble
factors. This specific architectural approach reduces soluble factor concentration by limiting
the quantity of source cells at the microelectrode/tissue interface. Other means of reducing
the concentration of pro-inflammatory and cytotoxic molecules by incorporating passive
permeability sinks or using active antagonists will be discussed further in Section 4.6.

Similar to the mechanical models described by above, Skousen et al.’s models to describe
soluble factor distribution are still relatively simple and should be further improved to fully
establish their validity while also increasing their accuracy and usefulness. For example, to
date soluble factor distribution models have focused primarily on estimating the distribution
of the potent cytokines TNFa and MCP-1. (117) However, as mentioned above in Section
3.4.4, various interleukins, reactive oxygen species, and matrix metallo proteinases (MMP)
2 and 9 are also believed to mediate the neuro-inflammatory response. (69, 107, 135)
Therefore expanding these models to include other soluble factors that have different
effective concentration levels, half-lives, clearance rates or diffusivity is needed.
Additionally, the models could be further improved by incorporating a graded diffusivity
that better reflects the impact of the glial scar on volume transmission. To best understand
the impact of the glial scar, as well as to ultimately validate such models, techniques need to
be developed or adapted to accurately measure soluble factor distribution in tissue
surrounding implanted microelectrodes.

Despite the considerable amount of progress based, at least in part, on modeling studies,
predictive models are still under-utilized as a research and design tool. For example, to date
mechanical models have only been used to predict the potential strains surrounding classic
single tine microelectrode designs. Expanding such models to understand how
microelectrode architecture can be manipulated to reduce persistent mechanical damage
would be extremely useful. Ultimately, once properly validated, both mechanical and
soluble factor modeling will be pivotal tools in the toolboxes of microelectrode designers.

4.2.3. Important Considerations when Manipulating Microelectrode
Architecture—While considering architectural modifications for improving
microelectrode function and biocompatibility, it is important to consider the limitations and
hurdles inherent to this approach. For example, while already in existence, newer methods
of placing conducting traces along the substrate may need to be employed. Use of such
fabrication techniques could increase production costs, at least in the near future until such
techniques become more commonplace.
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In addition, as microelectrode dimensions are becoming smaller the devices become
increasingly fragile and prone to mechanical failure. Use of structural elements such as
lattice designs could be employed to improve the durability of small features. However, as
noted by Seymor and Kipke as well as Skousen et al., lattice structures permit increased
tissue growth through the device. (117, 159) Such ingrowth could potentially exacerbate the
amount of tissue removed upon device extraction as a result of failure or infection.
Therefore, a higher-level view must be taken to ensure that any architectural changes used to
reduce the neuro-inflammatory response do not limit microelectrode performance or
biocompatibility by eliciting new complications.

4.3. Non-Fouling Surface Modifications to Prevent Cell Adhesion

An alternative strategy to reduce the neuro-inflammatory response to implanted
microelectrodes is the use of non-adhesive coatings to prevent inflammatory cell attachment
and activation at the microelectrode surface. Several surface coatings or materials have been
described to reduce or prevent cell adhesion.

Silicon carbide (SiC) has been long studies as an alternative substrate for neural electrodes
due to its documented biocompatibility in other medical device applications. SiC has gained
attention because it is chemically “inert’, and lends itself readily to MEMs fabrication and
chemical surface modifications to improve in vitro biocompatibility (or biologically “inert’ /
non-fouling). SiC was recently reviewed by Saddow. (241)

The most broadly applied approach in biomaterial science for preventing cell adhesion is
through the presentation of biologically ‘inert” chemical moieties on the surface of the
implant. For the purposes of this section, the term “inert’ refers to the ability to resist protein
adsorption and cell adhesion, but is not meant to reflect the material’s ability to resist
corrosion. For review of a variety of surface treatment approaches to create non-fouling
substrates, see Raynor et al. (242)

Tresco and colleagues first investigated whether reducing cell adhesion could alter the
neuro-inflammatory response to microelectrode arrays. (194, 243) Specifically, Leung et al.
characterized microglial adhesion to a variety of surfaces in vitro.2’3 Subsequently,
Winslow et al. compared the neuro-inflammatory response of planar silicon microelectrodes
that had a uniform coating of the hydrophobic insulator Parylene-C to that of identical
uncoated devices.1®1 In vitro, Parylene-C reduced microglial adhesion by ~95%. A similar
reduction of cell adhesion was observed following device removal after two, four or 12
weeks of implantation in rat cortical tissue. Interestingly, no significant difference was
observed in the neuro-inflammatory response or the level of neuronal loss surrounding the
Parylene-C coated devices compared to uncoated microelectrodes.

Garcia and colleagues recently built upon the work by Winslow et al. using conformal
microgel coatings of poly(N-isopropylacrylamide) (pNIPAm) cross-linked with
poly(ethylene glycol diacrylate) (PEG-DA) on silicon microelectrodes. (195) Long
polyethylene glycol (PEG) chains take advantage of entropic and osmotic repulsion to
prevent cell adhesion through the inhibition of protein adsorption. In vitro analyses
demonstrated significantly reduced astrocyte and microglia adhesion to microgel-coated
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microelectrodes, compared to uncoated controls. However, persistent inflammation was
observed surrounding both uncoated and coated microelectrodes following one, two and 24
weeks of implantation in rat cortex. Furthermore, neuronal density around the implanted
electrodes was also lower for both implant groups compared to the uninjured controls.

As no cells were found adhered to either the Parylene-C or pNIPAM/PEG-DA coated
microelectrodes upon removal, it would appear that both coatings were still functioning at
the end-points studied. Therefore, the combined findings indicate that cell adhesion is not
necessary to drive the neuro-inflammatory response. In that respect, Otto at colleagues
recently investigated the effects of PEG coatings on electrode impedance in acute in vitro
and in vivo models. (244) Otto demonstrated that exposure of the unmodified electrode to
bovine serum albumin in vitro, as well as expose to in vivo protein solutions (the brain),
resulted in both resistive and capacitive changes to the electrode impedance. Further, by
applying a high molecular weight PEG to the electrode, the increase in impedance both in
vitro and in vivo was reduced. Otto’s study demonstrated that non-cellular components
likely influence the performance of microelectrodes as well. Unfortunately, to the best of our
knowledge, no type of inert coating has been shown to effectively reduce chronic device-
associated inflammation in any other tissue or implant model over the extended periods of
time that may be clinically relevant for BMI applications.

4.4. Topographical Control of Cell Phenotype

In contrast to the general failure of non-adhesive surfaces to improve the long-term
biocompatibility of microelectrodes, active approaches that permit adhesion while
controlling cell phenotype have shown considerable promise. One active approach that has
received extensive study is the use of controlled surface topography. Specifically,
topographical cues have been used to control the adhesion, migration, orientation and gene
expression of a variety of cell types. (245, 246) Despite studies showing that nanostructured
surfaces can have a positive influence towards controlling cell functions, the underlying
mechanism(s) are not well understood. (247)

Building in part upon this research, Moxon and coworkers conducted studies to investigate
the potential of controlled topography to improve microelectrode biocompatibility. (248
250) Specifically, Moxon et al. examined the impact of presenting roughened, porous silicon
or ceramic surfaces, which were designed to better mimic the nanostructured and fibrous
nature of the extracellular matrix. Implantation of nano-porous surfaces was found to induce
less glial activation and to improve neuronal density at the microelectrode/tissue interface.
However, Moxon and coworkers only examined the response out to one week post-
implantation, and the lasting impact on the neuro-inflammatory response or recording is still
unclear and deserves further study.

More recently, the VandeVord laboratory has also begun investigating the effects that
nanopatterned substrates may have on astrocyte reactivity. (251) Utilizing nanofabrication
techniques, Ereifej et al. created poly(methyl methacrylate) (PMMA) surfaces with various
degrees of groove width (no grooves, 555 nm, or 277 nm). Cultured astrocytes were less
responsive to the narrower 277 nm grooves, compared to other surfaces. This preliminary
study further demonstrates the role of surface topography in manipulating glia cell
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reactivity. However, future studies will require characterization with microglia and
macrophages, which are more likely to experience topographical cues presented by
implanted microelectrodes.

While surface topography is very important for cell-material interactions, cells cannot
adhere directly to synthetic materials. The natural extracellular matrix is composed of many
fibular proteins. Surface topography (or architecture) alone does not facilitate all cell
function. Typically, the presentation of biological motifs are equally as important, (252) and
should be considered in combination with the above approaches.

Additionally, the above studies, which investigated surface topography, did not differentiate
between the insulating substrate of the electrode and the conductive metal / polymer portions
of functional microelectrodes. However, it appears to be important to probe how changes to
the conducting electrical contact would affect the surface area of the contact, and thus the
electrical impedance and recording performance. For example, studies with increased
surface area of the recording site must critically evaluate if the source of improved
impedance measurements are a result of reduced neuroinflammation or the increased surface
area.

4.5. Incorporating Bioactive Materials

Over the last decade, another promising approach to control cell phenotype at the biotic/
abiotic interface has been developed, which involves the decoration of microelectrodes with
bioactive surface coatings. (226, 253-263) A broad-spectrum of bioactive materials has been
immobilized on the implant surface to control the neuro-inflammatory response (Table 1).
Bioactive materials have been shown to be at least temporarily successful in attenuating the
neuro-inflammatory response to intracortical microelectrodes within the brain tissue.
However, it is not clear if the temporary effect of most bioactive strategies is a result of
biomolecule consumption (degradation or exhaustion of the coating), or an evolution of
redundant biology overcoming the initial effect of the surface modification.

Perhaps one of the simplest and most common biomaterials approaches is the passive
adsorption or covalent immobilization of ECM components to promote “directed” cell
attachment. As biomaterialists became interested in the device-mediated neuro-
inflammatory limitations to intracortical microelectrodes, the attachment of ECM proteins
and peptides onto the microelectrode surface were among the first methods reported.
Extracellular matrix-based materials for neural interfacing applications have been recently
reviewed by Chen and Allen. (273) Therefore, only select representative examples or new
considerations will be discussed here.

Among the most important ECM proteins for neural applications is laminin (LN), an
adhesive protein that plays crucial roles in cell migration, differentiation, and axonal
pathfinding. (274) The two main peptide sequences from LN that are often targeted for
biomaterial applications include Ile-Lys-Val-Ala-Val (IKVAV) and Tyr-lle-Gly-Ser-Arg
(YIGSR). In 1993, Massia and Hubble were among the first to report on receptor-specific
cell spreading on surfaces covalently immobilized with YIGSR. (275) Twenty years later,
Massia developed a surface grafting method that allows for the covalent immobilization of
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IKVAV on the surface of silicon, silicon oxide, gold and insulating polymers such as
polyimide, all common components of intracortical microelectrodes. (266) This work
highlights the specificity of LN peptides for supporting neuronal attachment, and
reinvigorated the use of LN-derived strategies for intracortical microelectrode applications.

Likely based on Massia’s work, the Bellamkona group reported a series of publications
utilizing LN-based coatings as surface modifications for intracortical microelectrodes
applications. (260, 268) First, a layer-by-layer (LBL) assembly was used to build up a
deposition of poly(ethyleneimine) (PEI) and LN on silicon wafers with an oxide layer. It
was found that the PEI-LN layer was stable for at least 7 days under simulated physiological
conditions, and significantly improved neuron adhesion and differentiation in vitro. The
subsequent in vivo study revealed that PEI-LN coatings are able to reduce the counts of
reactive microglia and astrocytic tissue response to Si-based electrodes after 4 weeks post-
implantation. (268) However, LN coating elicited a more robust pro-inflammatory response
at one day post-implantation than uncoated devices, as indicated by increased CD-68
positive microglia, GFAP astrocytes, and proinflammatory cytokine expression.
Interestingly, neuron densities were statistically similar at all of the time points investigated,
suggesting no advantage to the LN coating for recording applications.

In parallel to the LN work in the Bellamkonda lab, several laboratories have investigated the
ability of doping conductive polymers (discussed further in Section 4.7), with LN-based
peptides in order to increase neuronal attachment. For example, Stauffer and Cui
investigated two different LN fragments, YIGSR and RNIAEIIKDI, as dopants in an
electropolymerized poly(pyrrole) (PPy). The goal of the initial in vitro study was to combine
the critical electrical properties of conducting polymers with the ability to promote specific-
cell attachment (YIGSR) and neurite outgrowth (RNIAEIIKDI). (267) Stuaffer and Cui’s
results confirm the cell-specific attachment and growth seen over the previous decades in
many laboratories. The novelty of their work was that the combination of the two peptides
on a conducting polymer scaffolding synergistically increased both neuronal attachment, and
neurite outgrowth, while also demonstrating low impedance and increased charge capacity.
Despite the promising in vitro results suggesting that LN-containing coatings may enhance
the long-term recording stability of neural interfaces, no studies to date have described the in
vivo recording performance of these materials.

In a second example of LN-derived peptide incorporation into conducting polymers, Green
et al. doped PEDOT with DEDEDYFQRYLI and DCDPGYIGSR. (276) Interestingly,
Green et al. demonstrated that large peptide dopants produced softer PEDOT films with a
minimal decrease in electrochemical stability. However, despite the retained bioactivity of
dopant peptides, the effects were largely dependent on initial cell attachment, and neither of
the peptides investigated provided the bioactivity of the native LN protein. In a later study,
Green et al. also examined the effect of entrapping nerve growth factor (NGF) within the
PEDOT during electrodeposition. (277) The incorporation of NGF was shown to remain
biologically active within the PEDOT. However, Green et al. also found that the use of both
a LN peptide dopant and NGF in the PEDOT resulted in polymers with decreased
mechanical and electrical properties compared with controls containing only NGF. (277)
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Despite retained biological activity of the incorporated peptides, the combination of
biological molecules within conducting polymers has thus far failed to provide the
synergistic benefits that the field has anticipated. In fact, the Poole-Warren group recently
provided a report of the performance of conducting polymer electrodes, without the
incorporation of biological molecules. (278) Since isolated peptide sequences typically
demonstrate enhanced activity of targeted functions compared to full protein controls, (279)
it is likely that the immobilization methods employed within conducting polymer requires
further optimization, perhaps insulating spacer groups to isolate the biomolecules from the
polymers.

While the use of LN surface modification alone has not successfully improved the
biocompatibility or recording quality of microelectrodes, there is increasing evidence that
the presentation of other specific ECM molecules or networks of ECM components that
mimic the complexity of natural brain tissue may be useful. For example, the Cui group has
demonstrated encouraging work with the neural adhesion molecule L1. Azemi et al.
demonstrated that neural electrode arrays coated with immobilized L1 showed enhanced
levels of attachment of mouse cerebellum neurons in vitro. (257) Azemi et al. directly
compared the efficacy of L1 with LN. The study showed that while the LN-functionalized
surfaces greatly promoted the growth of astrocytes, the L1-functionalized surfaces showed
significantly reduced astrocyte attachment compared to both LN-coated and uncoated
control surfaces. (257) In a subsequent paper, (256) Azemi et al. investigated the neuro-
inflammatory response to L1-functionalized Michigan-type microelectrodes implanted in a
rat cortex for up to 8 weeks. The study revealed that L1-functionalized microelectrodes
show significant reduction in reactive tissue gliosis when compared with uncoated
electrodes. The most promising aspect of the L1 approach is the ability to maintain normal
neuronal populations while also significantly increasing the density of neuronal filament at
the interface (Figure 13). The Cui laboratory has more recently begun to explore the utility
of L1-functionalized electrodes for peripheral nervous system applications. Unfortunately, to
date, no description of the impact of L1 immobilization on recording quality for intracortical
microelectrode applications has been reported, but deserves further attention due to the
success of foundational studies.

While Azemi et al. showed the supremacy of L1 over LN, (256) other studies have also
shown that presentation of single ECM components such as LN or L1 alone may not be
sufficient to mitigate the neuro-inflammatory response. For example, Tanaka et. al. showed
that microglia cultured on fixed (dead) astrocyte monolayers, even in the presence of serum,
display a resting phenotype. (280, 281) Tanaka’s results indicate that cues presented by the
astrocyte ECM are sufficient to regulate microglia activation. Interestingly, the impact of
fixed astrocyte ECM was significantly more effective at reducing microglial activation than
individual ECM components such as LN or fibronectin (FN).

Building, in part on the findings of Tanaka et al., Tresco and colleagues have developed
approaches to harvest the extracellular matrix (ECM) produced by CNS cells, including
astrocytes, cultured on sacrificial open-celled foam substrates. (282) Immunohistochemical
and proteomic analysis with tandem mass spectroscopy revealed that the harvested material
consisted of a complex network of ECM components including collagen, fibronectin,
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laminin and various glycosaminoglycans. In vitro cytocompatibility studies of the
decellularized material have shown the material to be non-toxic and adhesive to various cell
types. Tresco and colleagues are currently investigating the impact of astrocyte-derived
ECM coatings on the neuro-inflammatory response in rodent models.

Utilizing complete, tissue-specific ECM may provide additional benefits to single protein
approaches. Although ECM throughout the body shares common protein and
glycosoaminoglycan building blocks, subtle differences indicate that the precise make-up of
a tissues-specific ECM is vital in regenerative applications. (283) Several studies have
shown that culturing cells on tissue-specific ECM improves infiltrating cell proliferation
rates and increases the expression of desired phenotypic cell and tissue characteristics. (284—
288) In contrast, implantation of non-tissue specific ECM induces the formation of
undesired, phenotypically irregular tissue at the implantation site. (289, 290)

While bioactive approaches, based primarily on ECM proteins and peptides, have shown
promise in improving the neuro-inflammatory response to intracortical microelectrodes, one
limitation of these strategies is their short-lived nature. For example, inflammatory cells that
unavoidably become activated in response to the initial iatrogenic trauma are known to
phagocytize and remove adherent and even covalently immobilized proteins over time.
Therefore, bioactive coatings should primarily be thought of and used as one component of a
combinatorial strategy for improving microelectrode function and biocompatibility.
Specifically, bioactive materials may serve as a key component to direct initial wound
healing events and tissue integration following implantation, but are not as likely to be used
to improve the long-term recording performance.

A further, and often overlooked, concern with protein-based coatings is their potential for
immunogenicity. While the majority of proteins found in the ECM are well conserved
between animals and humans, interspecies differences do exist. As a result the implantation
of even decellularized, xenogenic ECM has been shown to elicit an adaptive immune
response. (291-294) Therefore the use of autologous or allogenic materials may prove key
to maximizing the clinical success of ECM-based coatings.

4.6. Antagonizing Pro-inflammatory and Cytotoxic Soluble Factors

4.6.1. Passive Permeability Sinks—Several strategies have been developed to
antagonize the pro-inflammatory and cytotoxic effector molecules secreted by inflammatory
cells at the microelectrode/tissue interface. The simplest form of antagonism is the use of
passive diffusion to reduce the concentration of pro-inflammatory and cytotoxic factors in
the adjacent tissue. For example, it has long been hypothesized that permeability of the
adjacent tissue may influence the overall integration of biomedical devices by allowing
better clearance of pro-inflammatory and cytotoxic molecules away from the device/tissue
interface. (152) However new evidence indicates that the permeability of implants
themselves may also be manipulated to reduce soluble factor concentration and facilitate
improved wound healing. (295-299)

While not a microelectrode, one of the earliest descriptions using a passive permeability sink
is work with semi-permeable hollow fiber membranes (HFMs) for cell delivery and
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encapsulation. Despite having a larger penetrating profile than any single tined
microelectrode, HFMs elicit a very minimal neuro-inflammatory response. (152, 205, 299)
While the roughened surface of the HFM wall may play a role in reducing the response.
(248, 249) Tresco and colleagues also hypothesize that HFMs act as a permeability sink for
pro-inflammatory and cytotoxic soluble factors. Specifically, the membrane’s semi-
permeable wall structure and fluid filled lumen permit diffusion of reactive soluble factors
into the device, and thus away from the surrounding brain tissue. Due to the short half-life of
many pro-inflammatory and cytotoxic molecules, a large portion of the molecules are
believed to be degraded within the HFM, without ever impacting the surrounding tissue.

To investigate whether a permeable sink strategy could be used to improve microelectrode
biocompatibility, Tresco and colleagues have investigated the use of thick hydrogel coatings
to reduce the neuro-inflammatory response. (137) For this strategy to be effective the
“coating" or “sink volume" must be thick enough to passively entrap the soluble factors until
they breakdown by hydrolysis and other passive degradation mechanisms. Finite element
modeling showed that it is possible to retain pro-inflammatory cytokines in the diffusion
sink to passively reduce their concentration and their subsequent impact on the biology of
the surrounding tissue as long as their residence time in the sink exceeded their biological
half-life. Given the appropriate size of the sink, cytokines diffusing into the semipermeable
surface of the device would be unlikely to diffuse out of this region in their active state, and
thus would be effectively silenced.

Subsequent in vivo studies showed that the incorporation of the thick permeable hydrogel
significantly reduced a number of classic hallmarks of the neuro-inflammatory response
compared to uncoated microelectrodes or those that received a thin hydrogel coating
(surface chemistry control). Reduced hallmarks included macrophage recruitment and
activation, astrogliosis, blood brain barrier dysfunction and neuronal cell loss.

It should be noted that better mechanical matching between the soft hydrogel and the
surrounding brain tissue may contribute to the reduced neuro-inflammatory response seen
around hydrogel coated microelectrodes described by Tresco and colleagues. However, a
reduced inflammatory response to other stiff semipermeable devices suggests that
mechanical matching is not the only factor involved. For example, work from Desai and
colleagues have shown a similar reduction in the inflammatory response, as well as
complement activation, to stiff silicon and metal membranes with a semipermeable
membrane/lumen structure. (300, 301) Furthermore, the similarities in the inflammatory
response to passive permeability sinks across a broad range of stiffness combined with the
high moisture uptake of many of the polymers described in Section 4.1 could suggest a
complimentary/alternative mode of action for many compliant materials.

Further studies aimed at better characterizing the response to a variety of design variables
are needed due to the potential that well-established and controllable strategies for reducing
the neuro-inflammatory response could have on intracortical microelectrode technology.
Specifically, more in depth studies to isolate the individual and composite roles of
mechanical mismatch, microelectrode architecture and device permeability are needed. To
facilitate these types of advanced design studies, a number of new or improved methods are
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needed to quantify response variables, including both in vivo strain profiles and cytokine
distributions surrounding implanted devices. In addition, novel test devices that better isolate
or control individual design elements need to be created.

4.6.2. Active Antagonism—In contrast to the passive strategies explored by Tresco and
colleagues, a number of groups have investigated active antagonism of pro-inflammatory
and cytotoxic soluble factors to improve microelectrode technology. For example, the
Bellamkonda group investigated alpha melanocyte-stimulating hormone (a-MSH) as an
anti-inflammatory target molecule. a-MSH is an endogenous tridecapeptide with potent
anti-inflammatory properties. Specifically, a-MSH acts through the inhibition of pro-
inflammatory cytokines and neurotoxic nitric oxide (NO) production. (302) Zhong and
Bellamkonda were the first to investigate the anti-inflammatory properties of the
neuropeptide in the context of intracortical microelectrodes. They initially developed
nitrocellulose-based coatings that were capable of locally delivering a-MSH from
Michigan-type microelectrodes. (263) Zhong et al. found that a-MSH released over 21 days
remained bioactive and successfully inhibited NO production by LPS-stimulated microglia,
in vitro.

Subsequent work by He and Bellamkonda further demonstrated that the immobilization of
a-MSH retained anti-inflammatory properties both in vitro and in vivo. (255) Specifically,
when immobilized on the microelectrode surface, a-MSH again successfully inhibited NO
and pro-inflammatory cytokine production by LPS-stimulated microglia in vitro. More
importantly, immobilization of a-MSH on the surface of Michigan-type microelectrodes
qualitatively reduced the detection of TNF-a mRNA one week post implantation in rat
cortex, and quantitatively reduced the density of both CD-68 and GFAP positive microglia/
macrophages and astrocytes, respectively. Unfortunately, He et al. did not report on the
effects of a-MSH functionalized microelectrodes on the local neuron density or viability.
(255) Furthermore, despite the promise of their short-term results, He and Bellamkonda
have not pursued longer histological or functional studies with a-MSH.

As an alternative means of antagonizing the impact of pro-inflammatory soluble factors,
Taub et al. recently reported on the use of interleukin receptor antagonist (IL-1Ra)-coated
microelectrodes. (259) While IL-1Ra-coated microelectrodes demonstrated significantly
reduced astrogliosis compared to non-coated microelectrodes, no other histology was
provided, and it remains unclear how these materials affect neuronal viability or
inflammatory cell activation.

Another active strategy for antagonizing pro-inflammatory and cytotoxic soluble factors has
been the use of the anti-oxidant resveratrol. (69) While the use of resveratrol to date has
been limited to systemic delivery, the overall approach and findings fit well with other
active antagonist strategies and show exciting promise for improving microelectrode
function and biocompatibility. Specifically, at two weeks post-implantation, Potter et al.
found that animals receiving resveratrol therapy at the time of implantation demonstrated
reduced blood-brain barrier instability, accompanied with increased neuronal density at the
microelectrode-tissue interface (Figure 14). At four weeks post implantation, no difference
was observed in neuronal density between resveratrol-receiving and control cohorts. The
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authors have suggested that the loss of impact on neuronal density is likely due to clearance
or inactivation of resveratrol over time.

While the findings from the resveratrol studies have not provided a long-term solution, they
do support the use of active antagonism of pro-inflammatory and cytotoxic factors to
improve microelectrode technology. Therefore, ongoing studies are currently investigating
the impact of repeated dosing and local delivery of resveratrol, as well as other natural and
synthetic antioxidants, that may prove safer and more effective than resveratrol itself.
Additionally, in order to develop a system to provide sustained neuroprotection, Potter et al.
also investigated modifying the microelectrode surface with an anti-oxidative coating. (272)
For initial proof of concept, they chose the superoxide dismutase (SOD) mimetic
Mn(l11)tetrakis(4-benzoic acid)porphyrin (MnTBAP). Their system utilizes a composite
coating of adsorbed and immobilized MnTBAP designed to provide an initial burst-release
followed by sustained presentation of an immaobilized layer of the antioxidant. Potter’s
results indicate that the hybrid modified surfaces provide sustained anti-oxidative activity,
and reduced the accumulation of reactive oxygen species both intra- and extracellularly.

4.6.3. Further Considerations Concerning Soluble Factor Antagonization—
While comparing passive and active approaches to antagonize pro-inflammatory and
cytotoxic soluble factors, it is important to consider the benefits, limitations and hurdles
inherent to the two approaches. For example, passive approaches are inherently
indiscriminant and will reduce the concentration of likely any soluble factor. This
indiscriminate nature could make passive approaches desirable as they can impact the entire
range of pro-inflammatory and cytotoxic soluble factors. Unfortunately, the indiscriminant
nature of passive approaches also necessitates that beneficial, pro-healing factors will be
impacted along with any negative factors. In contrast, active approaches can be tailored to
specific targets. However, due to the overlapping impact of many pro-inflammatory soluble
factors, singling out one or even a limited number of factors may not be effective.

Another limitation of many active approaches is their limited effective duration. There are
currently few if any viable options for locally delivering soluble antagonists for the extended
periods of time that may be clinically relevant for BMI applications. Systemic delivery over
time may be effective at reducing neuro-inflammation to a tolerable level. However, the
unwanted side effects associated with the drugs and supplements studied to date make
continual systemic dosing unattractive. Passive approaches involving the use of permeability
sinks, on the other hand, should persist for much greater periods of time, if not indefinitely,
depending how they are implemented.

Due to the benefits and limitations of passive and active approaches, we believe that
ultimately a composite approach will be most effective at enabling effective recording over
clinically relevant time frames for BMI applications. Such an approach will utilize active
strategies over the initial acute time frames to promote effective wound healing, while
longeracting passive approaches such as increased substrate compliance, reduced surface
area or incorporation of a permeability sink will be used to maintain a homeostasic
environment throughout the implant duration. For other applications where microelectrodes
will be implanted for shorter durations (weeks-months), composite strategies may not be

J Neural Eng. Author manuscript; available in PMC 2016 February 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jorfi etal. Page 37

needed and even systemic dosing of soluble antagonists or anti-inflammatory drugs may be
sufficient.

4.7. Conducting Polymers

The inherent conductive properties of intrinsically conductive polymers make them a useful
class of materials for a wide range of biomedical applications, such as biosensors, tissue
engineering, neuroprosthetic electrodes, drug delivery, and actuators. (303, 304) Conducting
polymers are particularly attractive for intracortical microelectrode applications because
they have mechanical properties that lie between those of conventional metallic
microelectrodes and the brain tissue, can provide high surface area and therewith facilitate
an efficient ion exchange between recoding sites and the brain tissue, and can at least in
principle, be processed into a broad range of geometries/structures/architectures. Charge
transfer is improved through reduced impedance and greater selectivity for both recording
and stimulating neural interfacing applications; although their intrinsic conductivity is lower
than that of gold, platinum, or stainless steel electrodes.

The key feature of conducting polymers is conjugated double bonds along the backbone
with a high degree of w-orbital overlap, results in electrically conductive materials.
Conducting polymers with various morphologies can be directly deposited onto intracortical
microelectrode surfaces. As a result, the conducting polymer coatings lower the impedance
of the electrodes and can provide a mechanical buffer between the stiff intracortical
microelectrode and the compliant brain tissue. Additionally, bioactive agents such as anti-
inflammatory drugs and neurotrophic factors can be incorporated and delivered from these
conducting polymer coatings. Several studies have shown that intracortical microelectrode
functionality can be improved to some extent by coating the microelectrode surface with
low-impedance conductive polymer with nanoscale roughness or porosity, (43, 305) or
through addition of cell adhesion peptides, (305) proteins, (260, 261, 306) or anti-
inflammatory drugs. (262, 263) Overall, in vivo studies have shown that these conducting
coatings may enhance the chronic recording performance of intracortical microelectrodes.
(43)

Among the currently available conducting polymers, poly(pyrrole) (PPy) and poly-(3,4-
ethylene dioxythiophene) (PEDOT) (Figure 15) are the most studied conducting polymers
for intracortical microelectrode applications. Such conducting polymers have been doped
with various dopants such as poly(styrene sulfonate) (PSS), (305) perchlorate (ClO47), (307)
para-toluene sulfonate (pTS), (278) or sulphate (SO4) (308) to modify the surface of
metallic intracortical microelectrodes. (309) In this section we discuss the development of
conducting polymers used to modify the intracortical microelectrode surfaces with particular
attention to the use of PPy and PEDOT.

Much of the initial research on conducting polymers for neural interfacing focused on PPy
due to the ease of preparation, high conductivity, controllable surface properties, and the
possibility to electropolymerize this polymer from water. In 2001, Martin and co-workers
investigated the use of PPy as a surface coating for neural electrodes. (226) In his report,
PPy was combined with a genetically engineered protein, designed to incorporate GAGAGS
sequences of silk alternated with the cell-binding sequence RGD. The polymers were
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deposited electrochemically onto the silicon microelectrodes. The study showed that the
PPy-coated Michigan-style microelectrodes had a higher surface area and charge density
compared with uncoated electrodes, which facilitates charge transport, and more efficient
neural communication. (305) In addition, it has been reported that a higher surface area
significantly lowers the overall impedance of the intracortical microelectrodes. (310)

PSS has been used commonly as a dopant material for PPy due to its stability and in vitro
compatibility with mammalian neuronal cells. (305, 311-313) Cui and Martin
electrochemically deposited PPy doped with PSS on the neural electrodes, and found that
the coated electrodes had an increased surfaces area, which resulted in a 30-fold decrease in
impedance. (305) In 2005, George et al. reported on the biocompatibility of PPy-based
cortical implants that had been doped with PSS or sodium dodecylbenzenesulfonate
(NaDBS). (312) Immunohistochemical studies showed that PPy-based intracortical
implants-doped either with PSS or NaDBS after 3 and 6 weeks implanted in a rat cerebral
cortex had less gliosis than Teflon-coated microwire controls. However, the differences in
gliosis at the 6-week time point had lessened compared to 3 weeks. George’s study also
showed that incorporating neurotrophic molecules such as nerve growth factor (NGF) and
brain-derived neurotrophic factor (BDNF) into the PPy matrix promoted the ingrowth of
neural tissue into the lumen of the PPy-based implants, compared to implants without
growth factors. As noted in earlier sections, analysis at limited intermediate time points can
lead to incomplete conclusions. Therefore, further works need to be done to demonstrate
whether the bioactive molecules can enhance neuronal adhesion and interaction with
conducting polymerbased intracortical implants.

The incorporation of conducting polymers within hydrogels that are used to coat
conventional microelectrodes is another intriguing approach to better integrate intracortical
microelectrodes with the neural tissue. Hydrogels are attractive due to their use in many
biomedical device applications, their high water content which causes the mechanical
properties to be similar to those of the brain tissue, and their porous network structure which
can facilitate charge transport especially if conducting polymers are insulated. In one
example, Michigan-style microelectrodes were first coated with cross-linked alginate and
then PPy/PSS was subsequently electrochemically polymerized on the device surface. (90)
PPy was observed to grow vertically form the electrode surface, and at the recording site
recording site. It was found that the impedances of the porous hydrogel modified with
conducting polymer films are around three orders of magnitude less than the impedance of
the metal microelectrodes. The authors also found that the PPy/PSS-alginate-coated
recording sites were capable to transporting charges as efficiently as conventional
electrodes. Despite the growing number of studies being conducted with PPy for
intracortical microelectrode applications, electrochemically made PPy has a poorly defined
chemical structure in which there are a significant amount of a-3 couplings. The presence of
defective a-p couplings along the polymer backbone induce structural disorder, limits the
electrochemical response, and is contributing significantly to polymer breakdown due to
overoxidation. (314) With these limitations in mind, new and highly stable conducting
materials must be found that can endure the long-term implantation lifetime as well as attack
from biological agents present in the brain tissue.
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To overcome the drawbacks of PPy, poly(3,4-ethylene dioxythiophene) (PEDOT) has
recently been explored as an alternative to PPy for neural interfacing electrodes.
Specifically, PEDOT is more stable to oxidation and more conductive than PPy. Unlike PPy,
undesired a-f couplings and structural disorder are eliminated in PEDOT by “blocking” the
3- and 4-positions of the monomer by the attachment of ethylenedioxy groups (Figure 16).
Early studies by Cui and Martin (315) explored the benefits of PEDOT as coating for neural
microelectrodes. Cyclic voltammetry experiments demonstrated that PEDOT-coated
electrodes were more stable than those coated with PPy. In addition, high quality acute
neural signals were recorded with the PEDOT-coated Michigan-style microelectrodes in the
cerebellum of guinea pig with higher signal amplitude than in reference experiments with
un-coated microelectrodes with gold contacts. This is likely due to the deposition of
conducting polymer (i.e. PEDOT), which decreases the impedance of the electrode (increase
sensitivity). Cui and Martin’s findings are highly desirable for potential use of PEDOT as
alternative conducting material for neural electrodes.

After Cui and Martin initial report, several studies followed, which further explored the use
of PEDQT as electrically conductive material in intracortical microelectrode applications.
For example, Xiao et al. modified the surface of intracortical microelectrodes using
PEDOT-MeOH that was electrochemically doped with poly(styrene sulfonate) (PSS). (316)
In this study, Xiao et al. improved the limited processability (aqueous solubility) of PEDOT
through the addition of an appropriate pendant side group onto the backbone. To this end,
polar derivatives of EDOT, specifically EDOT-MeOH (the chemical structure of which has
been shown in Figure 16) was used. Xiao et al. found that the PEDOT-MeOH coating
decreased the impedance by almost two orders of magnitude in comparison to the uncoated
Michigan-style microelectrode. Decrease in electrode impedance leads to improved charge
transfer from the surrounding brain tissue to the intracortical microelectrode, which is
argued to lead to more effective recording and stimulating. In another investigation, Yang et
al. (317) electrochemically deposited surfactant-induced ordered PEDOT onto gold-coated
Michigan-style microelectrodes. Although, this ordered PEDOT polymer coated-electrodes
exhibited a lower impedance and a higher charge capacity than uncoated electrodes, it was
found that the surfactant used in the preparation leached from the device when placed in a
cell culture medium and killed all nearby cells in the culture.

More recent studies by Martin and co-workers have shown that neural cells can be
incorporated into PEDOT, while still maintaining cell viability and signal transduction
capabilities. As a result, functional hybrid PEDOT-neural cell electrode coatings were
created that can be used as highly biomimetic conductive substrates for intracortical
microelectrodes. Polymerization of PEDOT around living cells has been reported in vitro
(318) as well as in vivo (319) through living tissue. In one study, Richardson-Burns et al.
(318) reported the electrochemical polymerization of PEDOT in the presence of live neural
cells that had been cultured on in-house fabricated Au/Pd sputter-coated electrodes and/or
Applied Biophysics (Troy, NY) electrodes, as shown in Figure 17, resulting in the formation
of PEDOT film around and onto adhered neural cells. Additionally, PEDOT, PEDOT/live
neurons, and neuron-templated PEDOT coatings on the electrodes significantly enhanced
the electrical properties and increased charge transfer capacity. While in vitro experiments
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show successful electropolymerization of conducting polymers around neural cells, it is
critical to apply the concept in animal models to fully characterize the performance of the
materials to more accurately understand the contribution of this strategy to the field.

The first chronic, long-term neural recording studies of PEDOT-coated electrodes were
conducted by Kipke and co-workers in 2006. (43, 320) It was found that chronically
implanted control microelectrodes were unable to record well-isolated unit activity due to a
dramatically increased noise floor, while PEDOT-coated Michigan-style microelectrodes
consistently recorded neural activity, and showed a much lower noise floor than un-coated
gold-based controls over a six-week period following implantation in three male rats. (320)

More recently, Kozai et al. took a further step towards long-lasting conjugated-
polymerbased neural interfaces that elicit little tissue response in the brain, fabricating an
integrated composite microelectrode consisting of electrically conductive carbon fiber core,
a coating-based layer, and a PEDOT:PSS-based recording pad. (321) Specifically, electrodes
were fabricated by mounting carbon fiber, which serves as the conducting core and provides
the mechanical backbone of the device, with a diameter of 7 um onto a NeuroNexus
microelectrode. The carbon fibers were then coated with a 800 nm thin poly(p-xylylene)
layer (Figure 18a), and subsequently a 50 nm thick layer of poly((p-xylylene-4-methyl-2-
bromoisobutyrate)-co-(p-xylylene)), both with a chemical vapor deposition (CVD) process
(Figure 18b). The later polymer provides initiator groups for a subsequent atom transfer
radical polymerization (ATRP). This was used to apply a ~200 nm thin layer of
poly(ethylene glycol) methacrylate (PEGMA) (Figure 18c). Finally, a carbon recording site
was exposed at the tip of the neural stainless-steel wire by cutting away the insulation, and
the recording site was coated with a layer of PEDOT:PSS that was applied by
electrochemical deposition (Figure 18d). Chronic neural recordings from the inserted
implants into the motor cortex of rats showed that the resulting microelectrodes provided
stable single-neuron recording over five weeks in the brain. Interestingly, the electrodes also
showed reduced neuro-inflammation response compared with traditional silicon electrodes.
Thus far, these electrodes with mechanically-compliant coatings are the smallest implantable
neural electrodes that were able to record neuronal activity in animals.

Conducting polymers aim to enhance the chronic performance of intracortical
microelectrodes through providing a high surface area, and more conductive materials. Also,
the charge transfer is likely improved through reduced impedance, thereby providing greater
selectivity for both recording and stimulating neural applications. Despite the vast amount of
research being produced in recent years on the conducting polymers for neural interfacing
applications, the field is still growing and many challenges, limitations and questions remain
to be answered. One key challenge of conducting polymers in neural interfacing applications
is the preservation of the conductivity or electrochemical stability over long periods of time.
For example, PPy and PEDOT films have been shown to lose up to 95% and 30% of their
conductivity when subjected to 16 h of polarisation, respectively. (322) Also, conducting
polymers are often brittle and the addition of dopants to the system in many cases
exacerbates this effect. (309) Therefore, developing conducting polymers that are less brittle
and more malleable while maintaining the conductivity and avoid delamination over time is
required. Moreover, limited studies on the mechanical properties of conducting polymers for
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the duration of implant lifetime suggest that further research is needed to assess the
durability of a coated intracortical microelectrode in animal models. This will provide an
insight into possible delamination and/or mechanical erosion of conducting polymers.
Another major drawback of conducting polymer systems is the diffusion of the employed
dopants, unreacted monomers and typical process contaminations (e.g. solvents) into the
medium, which all are slightly to moderately toxic. Unfortunately, most of the studies that
have revealed a positive biological performance have been conducted in vitro. We believe
that the cytotoxicity of released dopants is likely a limiting factor to the use of in-situ
polymerization in vivo, despite the success in vitro — at least with the chemistries commonly
explored. Thus, toxicity testing needs to be assessed using in vivo implantation studies to
answer whether conducting polymers are useful for long-term neural implants. Today,
most/all of the studies have relied on electropolymerization of conducting polymers on
conductive electrodes (e.g. Au). In fact, the substrate to be coated needs to be conductive.
So, the conducting polymer is really a mediator between the brain tissue and the conducting
intracortical microelectrodes. Therefore, it is also of particular interest to look at printed
polymer-based conductive microelectrodes for future neural interfacing applications. Few
studies have investigated how conducting polymers tolerate sterilization. Given the
correlation between sterilization method and the inflammatory response to microelectrodes
discussed above, (160) and the fact that not all formulations of PEDOT have the same
durability, (323) the translation of any conducting polymer technology to long-term stable in
vivo applications remains unclear. Finally, it is clear that long-term in vivo studies in this
area of research is required for a better understanding of the impact of conducting polymers
in improving long-term performance of intracortical microelectrodes include
electrochemical stability, delamination, mechanical integrity, the maintenance of an intimate
contact between the electrode and surrounding neural tissue, and the ability to remove the
implants without causing significant damage to the surrounding tissue.

4.8. Nanomaterials

Nanomaterials have been explored in a variety of biomedical applications due to their
unique properties arising from their nanoscale dimensions. (324-326) Nanomaterials can be
useful in cortical interfacing applications for several reasons. (327, 328) Perhaps most
importantly, nanomaterials can interact with biological systems with a high degree of
specificity, are able to stimulate and interact with target cells with minimizing undesirable
effects, and the electronic properties of nanostructures can be tailored to match the needs
associated with charge transport required for electrical/ionic level cellular interfacing.

Charge transfer reactions involving the exchange of charge between various carriers occur at
the electrode—polymer and polymer-tissue interfaces. (329) In particular, it has been
established that increasing the effective surface area of the interface will increase the ability
for charge transfer to occur. Also, the electrical impedance of the microelectrode is inversely
proportional to the surface area of the recording site. (310) As a result, the intrinsically large
surface area of nanomaterials results in high charge transfer as well as lower overall
impedance of the intracortical microelectrode.
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Additionally, nanoscience approaches can present subcellular stimuli that can vary from one
part of the neuron to another. (330) For example, a combination of photolithography and
layer-bylayer (LbL) self-assembly have been used to pattern secreted phospholipase A,
(sPLA>), which promotes neuronal adhesion, on a non-fouling background of
poly(diallyldimethylammoniumchloride) (PDDA). (331) The approach used by Mohammed
et al. facilitates nanoscale patterning with complex functional architectures that are tailored
to the needs of a particular experiment. LbL self-assembly has also been used by Ai et al. on
silicon rubber to pattern alternating laminin and poly-D-lysine or fibronectin/poly-D-lysine
ultrathin layers which supported neurite outgrowth of cerebellar neurons. (332) Taken
together, the studies by Mohammad et al. and Ai et al. suggest that bioactive ultrathin
coatings could be used to promote cell adhesion and limit immune responses, and may
facilitate improved performance of intracortical microelectrodes.

Additionally, several types of nanomaterials have been utilized in neural interface devices,
including carbon nanotubes, carbon nanofibers, and graphene. The use of nanomaterials and
nanotools for neuroscience has been recently reviewed. (327, 333) In this Section, we
therefore limit the discussion to the current state of the most widely investigated
nanomaterials in the content of neural interfacing applications.

Carbon nanotubes (CNTSs) are perhaps the most widely studied class of nanomaterials for
intracortical microelectrodes, (327, 334, 335) in view of their extraordinary strength,
toughness, electrical conductivity, and surface area. As with the exploration of any new
application for potential biomaterials, early work with CNTs towards intracortical
microelectrodes began with in vitro applications. For example, Mattson et al. reported that
multi-walled carbon nanotubes (MWCNTS) could be used as platform for neuronal growth.
(336) Since then, several studies have been devoted to evaluate neuronal growth on CNTs.
(337-341) Wang et al. showed the first in vitro stimulation of primary neurons with CNT-
based electrodes. (342) The authors found that neurons can grow and differentiate on the
microelectrode, and more importantly, that the neurons can be repeatedly stimulated with
CNT electrodes. In parallel, several other groups confirmed the possibility to stimulate the
neural cells via single-walled and/or multi-walled carbon nanotubes in cultured brain
circuits. (337, 343, 344) In 2008, Keefer et al. reported that CNT-coated metal
microelectrodes improved both the recording and electrical stimulation of neurons in
culture, and in vivo in rats and monkeys. (345) In vivo recording studies of CNT-coated
microelectrodes were conducted in the rat motor cortex and monkey visual cortex. It was
found that CNTs-coated microelectrodes had increased the neuronal recording sensitivity as
well as decreased neuronal noise compared to un-coated tungsten microelectrode controls. It
was possible to record local field potential (LFPs), multiple unit activity, as well as neuronal
spiking simultaneously with one CNT-coated microelectrode in vivo. Additionally, Keefer et
al. found that the combination of CNTs and the conducting polymer PPy increased the
charge transfer beyond that seen with CNTs alone. Further, CNT/PPy-coated
microelectrodes had a significantly lower impedance (higher electrode neuronal sensitivity)
than bare conventional tungsten and stainless steel microelectrodes. In a similar study, Luo
et al. also reported that PEDOT/CNT-coated Pt microelectrodes showed a much lower
impedance than the bare Pt electrodes as characterized by electrochemical impedance

J Neural Eng. Author manuscript; available in PMC 2016 February 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jorfi et al.

Page 43

spectrum (EIS) in PBS. (346) Electrochemical impedance spectroscopy was used to show
that the PEDOT/CNTS decreased the impedance of Pt microelectrodes with increasing
coating thickness due to the increase of the electroactive surface area, which results in a
bigger capacitance. The PEDOT/CNT-coated electrodes exhibited higher charge injection
than traditional electrodes and in vitro tests with neurons showed that the neurons attached
tightly to the PEDOT/CNT surface and exhibited long neurite extensions, suggesting that
PEDOT/CNT-coatings are non-neurotoxic and support the growth of neurons. Similar
conducting polymer/CNT composite coatings were also studied by several other groups.
(347, 348) Lu et al. reported that co-deposited PPy/SWCNT coatings significantly reduce
the impedance of platinum/tungsten microelectrodes. Additionally, the brain tissue response
of PPy/SWCNT coated microelectrodes and un-coated Pt microelectrodes were studied with
immunochemistry after a 6-week implantation in the cortex of rats. Quantitative analysis of
glial fibrillary acidic protein (GFAP) expression and neuronal nuclei (NeuN) showed
significantly lower GFAP and higher NeuN counts for the PPy/SWCNT coated
microelectrodes within the first 100 um from the implant/tissue interface. (348)

Despite the perspective advantages of CNTSs for intracortical microelectrode applications,
the studied devices are rigid (non-compliant) and may not be optimally suited for chronic
neural in vivo applications. As a result, there is an increased attention towards the
development of flexible CNTs-based intracortical microelectrodes by combination of
flexible polymeric substrates and CNTSs to overcome both the mechanical failure of more
brittle CNTs-based devices, and devicemediated tissue strain. Flexible CNT-based neural
electrodes were created by the combination of flexible polymeric substrates and CNT-based
electrodes. Lin et al. were the first to fabricate a flexible CNT-based electrode array for
neural recording applications. (349) In this work, the CNT electrodes were partially
embedded into a flexible Parylene-C film using a microfabrication process based on four
steps: CNT growth, polymer binding, flexible film transfer, and partial isolation. The
flexible CNT electrodes produced were used to successfully record the spontaneous spikes
from a crayfish nerve cord.

Alternatively, the direct growth of CNTs on flexible polyimide substrates has been reported
by Hsu et al. (350) Hsu et al. utilized UV-ozone exposure as a simple and low-cost route to
improve the interfacial properties between the CNT electrodes. In culture, UV-ozone treated
CNTs electrodes promoted neuron and neurite growth in close contact with CNTSs,
suggesting the biocompatibility of modified CNTs for neuronal growth. (350) In a
subsequent study, spontaneous spikes were recorded from a crayfish with a signal-to-noise
(SNR) ratio of 6.2. The flexible CNT electrodes were also used to record the
electrocorticography (i.e. placing the electrode in the subdural region) of a rat motor cortex
with a SNR of 8.7. (351) More examples of CNT-based flexible electrodes for neural
recording and simulating applications have been developed by Hanein et al, (335, 352, 353)
who transferred single-walled carbon nanotubes (SWCNTS) onto a flexible PDMS substrate.
Recent evoked electrical activity recording studies with chick retinas demonstrated the
device capability for high efficacy neuronal recording applications. (335)

Carbon nanofibers (CNFs), which consist of multi-walled graphene structures stacked on top
of each other have also been explored as substrates for neural interfacing applications.
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Researchers at NASA Ames Research Center developed forest-like vertically aligned CNFs
on a Si wafer by plasma enhanced chemical vapour deposition (PECVD). (354) After the
CNF film was submerged in a liquid and dried, the CNFs irreversibly stuck together to form
microbundles. Stable 3D “fuzzy” films were created by electrochemically coating the CNFs
with a thin layer of electrically conducting polypyrrole (PPy). It was found that the
impedance of this kind of electrode decreased significantly compared to common metal
electrodes due to the large surface area of 3D nanostructured CNFs, which results in high
ion mobility. Furthermore, the PPy coating was shown to improve the biocompatibility of
CNF-based electrodes compared to uncoated, and further reduces the electrode impedance
by more than 20 times due to the redox potentials of the polymer. A subsequent study by the
same group showed that an intimate neural-electrical interface can be formed between the
vertically aligned CNFs and a neuronal network of PC12 cells. (355) The addition of
neuronal growth factor (NGF) on the vertically aligned CNFs facilitated the formation of
well-differentiated cells with mature neurites. Although, the freestanding CNFs coated with
PPy and NGF were mechanically rigid to maintain their vertical alignment, they were found
to be flexible enough to bend toward the cell body when driven by traction forces of the
cells, thereby facilitating cell adhesion. Thus, it was suggested that the soft PPy coating not
only improved the mechanical stability by forming a core-shell structure with the CNFs, but
also promotes a better mechanical contact with neuronal cells due to a reduction of the local
mechanical stresses. (355)

Several studies suggest that graphene exhibits excellent biocompatibility, low cytotoxicity
and supports neuronal growth. (356-358) Therefore, graphene is another carbon
nanomaterial that has been recently utilized in neural interface application. Chen et al. (359)
reported the fabrication of graphene-based neural microelectrodes, while Luo et al. (360)
reported graphene oxide-based conducting polymer nanocomposites for potential neural
interfacing applications. Chen’s study showed that graphene-based microelectrodes are
capable of recording neural signals in a crayfish. These graphene electrodes showed
biocompatibility and non-toxicity throughout the 16 day cell culture experiment with
neuronal cells. In the second investigation, Luo et al. electrochemically doped PEDOT with
graphene oxide (GO) and demonstrated that conducting PEDOT/GO nanocomposites
supported the growth of neural cells with minimal toxicity along with low electrochemical
impedance. (360) To clearly demonstrate the potential of this class of grapheme-based
materials for neural microelectrodes, future studies need to investigate the chronic in vivo
performance defined by both the ability to maintain a clinical viable signal quality and
stimulation capabilities, as well as the biotic and abiotic failure modes (defined above).
Alternatively, the Martin group designed multifunctional nanobiomaterials that can be used
for coating neural microelectrodes. (264, 361) These materials significantly decrease the
electrode impedance and increase the charge density. While in vivo data are in process, and
to our knowledge yet to be reported, the approach nicely demonstrates how several attractive
concepts can be merged to create “smart nanobiomaterials” that are soft, have a low
impedance, high charge density, and also can deliver anti-inflammatory drugs to alleviate
the brain immune response to neural interfaces.
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Together with the Kipke group, Martin’s group also reported the use of conducting polymer
nanotubes for chronic neural interfaces. (362) This work showed that PEDOT nanotube-
coated electrodes have a markedly lower impedance over a 7-week period than conventional
Michigan-style microelectrodes. Figure 19 shows the fabrication process of such PEDOT
nanotubes on the surface of Michigan-style microelectrodes. Martin and Kipke later
investigated the effect of nanotube morphology on the properties of the electrodes in vitro.
(363) Their work demonstrated that the PEDOT nanotubes decreased the impedance of the
electrode site by about two orders of magnitude, and increased the capacity of charge
density by about three orders of magnitude compared to bare iridium microelectrodes. (363)
The team further showed that the mechanical properties of the conducting polymer can be
tuned by their surface morphology. For instance, it was demonstrated that PPy and PEDOT
nanotubes can adhere better to the surface of the neural electrodes than films of these
polymers. Despite the many incredibly attractive materials properties that nanomaterials
have demonstrated towards long-term neural interfaces, several of the devices created from
these materials in their current form still suffer from limitation that have chronically plagued
neural electrodes (degradation and delamination). Therefore, the combination approaches,
such as thus being developed by Martin and colleagues, represent the starting point towards
integrating nanomaterials into intracortical microelectrodes for neural interfacing
applications.

Recent research activities focused on use of hanomaterials in the domain of neural
interfacing applications has contributed significantly to our understanding of the
development of better biocompatible intracortical microelectrodes. The application of
nanomaterials in chronic neural interfaces is still in its infancy despite an impressive body of
research that is emerging, partly because of the complexities associated with interacting with
neural cells and the mammalian nervous system. Moreover, there are still fundamental gaps
of knowledge regarding the potential toxicity of nanomaterials within the brain that need to
be addressed. Additionally, like other devices discussed above, it remains unclear how
functional devices of this nature can be removed from patients without damaging
surrounding tissue, or breaking the device off in the cortical tissue, due to their size and
brittleness. We believe that there are still tremendous opportunities for nanomaterials to
contribute to neural interfacing devices to generate intracortical microelectrodes that can
enhance, and improve the current technologies. Thus, herein, we present a brief outline of
the most important future areas of nanomaterials in the chronic neural interfacing
applications that need to be investigated:

1. Integration of traditional approaches and nanomaterials to design new types of
intracortical microelectrodes.

2. Development of new types of nanostructured coatings offered by nanomaterials
that could also increase the charge injection capacity and reduction of impedance.

3. Incorporation of anti-inflammatory agents in the coatings using layer-by-layer self-
assembly technique.
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4. Miniaturization of the traditional intracortical microelectrodes using smaller and
more compliant flexible nanomaterials, while maintaining efficient electrochemical
function.

5. Improvement of electrical and biological properties of the neural tissue-electrode
interface.

6. Design of easily manufacturable, highly conductive, and mechanically strong and
flexible intracortical electrodes using nanomaterials, and conductive and adaptive
polymers.

7. Investigation the chronic long-term potential toxicity profiles as well as
delamination and degradation of nanomaterials over the period of implantation.

8. Comprehensive long-term recording and stimulation studies of nanomaterials in
animal models.

Finally, these exciting avenues must be tempered with the realization that the toxicity of
nanomaterials is still a developing field, and that a better understanding of how nanoscale
materials interact with the central nervous system is required before one can use
nanomaterials widely in neural interfacing applications.

5. CONCLUSIONS

Undoubtedly, the recordings of consciously modulated neuronal signals using intracortical
microelectrodes have advanced our fundamental understanding of brain function in both
normal and diseased states. In addition, chronic microelectrode recordings provide a way for
paralyzed or “locked in” individuals to directly control various assistive devices through
brain machine interfacing. Unfortunately, the implementation of brain machine interfacing
applications has been severely hindered due to inconsistent recording quality and premature
electrode failure.

Poor recording quality and microelectrode failure are likely a function of an array of
variables resulting from both biotic and abiotic factors. The high degree of complexity
makes improving microelectrode performance a challenging problem. While a number of
failure modes have been identified, a more in-depth mechanistic understanding is needed.

A number of strategies have been studied to improve microelectrode performance. Such
strategies include those to improve the stability of conducting and insulating materials as
well as those to improve microelectrode integration with the surrounding tissue. As neuro-
inflammation has been shown to play a significant role in each of the major microelectrode
failure modes, specific emphasis should be given to reduce the reactive environment that
results following microelectrode implantation.

Due to the variety of failure modes and the large degree of interplay involved, it is
increasingly evident that a combination of strategies may be necessary to enable consistent,
high quality recording over a clinically relevant time frame. To optimally implement and
integrate such strategies it will be necessary to further identify the most potent strategies for
improving microelectrode performance. It will also be useful to isolate possible interactions
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or emergent phenomena to elucidate the overall design space available to engineers. Most
importantly, we must all consider that differences in microelectrode design may be a major
contributing source for discrepancies between the dominant failure mechanisms reported for
traditional designs. Each class of microelectrode presents with a different primary failure
mode, and time course for failure. Therefore, one approach will most likely not provide a
global solution to all electrode types or to all recording applications.

It is also important to note that despite the vast amount of research being developed in the
last decade on polymeric materials for neural interfacing applications, in most cases,
researchers have simply used polymers developed for different purposes, with the aim to re-
use them for neural microelectrodes. Although the development of such materials-based
intracortical microelectrodes has contributed significantly to our understanding of how
improve device integration and increase recording consistency, designing novel materials,
strategies and concepts for the specific purposes of this field must be accelerated.

Despite the challenges and questions that remain, we should be encouraged by the exciting
possibilities that will be opened by further developing our understanding of the mechanisms
that influence microelectrode performance. Furthermore, due to the exciting advances in the
fields of material science, neural engineering and bioengineering, we should foster dynamic
multidisciplinary teams, in order to accumulate the skills and knowledge to design, test, and
integrate the next generation intracortical microelectrodes, capable of long-term clinical
deployment for neuro-rehabilitative applications, and beyond.
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Figure 1.
Examples of recording neural electrodes for brain machine interface devices. (A) EEG

activity is recorded non-invasively with electrodes placed on the scalp. (B) ECoG electrodes
are placed either outside the dura mater (epidural ECoG) or under the dura mater (subdural
ECoG) and can record neural activity on the cortical surface. (C) Intracortical
microelectrodes penetrate the cortex and can record action potentials from individual or
small populations of neurons within the cortex.
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Figure 2.
A commonly used equivalent circuit model (Robinson Model) of metal microelectrode

recoding in the brain. signals at the tip of the microelectrode (Vgg) generate currents (1) that
flow to ground through the microelectrode and effective amplifier circuit, creating the
potential (Vjn) at the input of the amplifier before being recorded (V,g); Rsis the resistance
of the electrolyte; Re is the leakage resistance which models the flow of the charge carriers
crossing the electric double layer; Cg is the capacitance of the microelectrode-electrolyte
interface; Ry, is the resistance of the microelectrode; Cg is all the shunt capacitance to
ground; and Z, is the input impedance of the amplifier. Thus, the effective impedance of the
microelectrode is comprised of the resistance of the electrolyte (Ry), the resistance and
capacitance of the double layer interface of the electrolyte (Rs and Cg) and the (negligible)
resistance of the microelectrode (Ry). The impedance of the microelectrode is frequency
dependent. At low frequencies, the impedance is dominated by the series combination of Rg
and Re, whereas at high frequencies Cg bypasses the effect of R, so that the impedance is
now close to Rs. Thus, by measuring the impedance of an electrode at high and low
frequencies, it is possible to determine the component values for the equivalent circuit.
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Figure 3.
Schematic representation of the generation design of leading microelectrode array

technologies, including A) Microwires, B) Michigan-style Microelectrodes, C) Utah
Electrode Arrays (EUA) and D) Cone (glass pipette) Electrodes.
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B: Tissue Level Failure Modes
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Figure 4.

(A) Cellular level failure modes. Cellular level failure modes act 1) disrupting the neuronal
signal source, 2) impeding charge transport through the extracellular space or 3) disrupting
charge transfer at the electrode recording site. (B) Higher, tissue level failure modes that
have not been as widely described or considered in the literature. Asterisks denote failure
modes with an underlying inflammatory component. As nearly all failure modes have an
underlying inflammatory component, strategies that reduce neuro-inflammation will be
critical to improving the biocompatibility and function of intracortical microelectrodes.
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200 pm

Pre-Implant (left) and Post-Explant (right) SEM images from acute (top, 1 day), recovery
(middle, 16 days), and chronic (bottom, 187 days). The images show the progression of
corrosion of the tungsten metal over the increased implantation time. Figure from Prasad et

al. 2012.
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Figure 6. Insulation Deterioration Post-Explant SEM
Post-explant SEM of individual microwire to indicate deterioration in electrode insulation

for parylene-C coated Pt/Ir microwires. The deterioration occurs in the form of delamination
and cracks. While the insulation deterioration varies among microwires even with the same
array, Prasad et al. observed it to be present in all the wires across animals for all implant
durations (7 days — 6 months). Figure and caption from Prasad et al. 2014.
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Figure 7.
Electrode implantation results in localized pro-inflammatory cellular and biochemical

events. Early after implantation, activated microglia begin to attach to the surface of the
electrode and locally release pro-inflammatory factors. Glia cell adhesion is followed by
astrocytic encapsulation along the entire shaft of the electrode (formation of the glial scar).
These events, as well as localized hemorrhaging, have been shown to be correlated with
neurodegeneration at the interface. Representative IHC images of the dominant cell types
are shown left. Scale = 100 um. Figure and caption from Potter et al. 2012.
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Figure 8. Self-perpetuating neuroinflammatory pathways
After intracortical microelectrode implantation, the damage of localized vasculature can

result in two mechanistic paradigms at the interface of the implanted device. The order of
events in either cycle is unknown, as any one event can perpetuate the subsequent step. Left:
Extravasated blood-derived proteins from damaged vasculature become adsorbed onto the
surface of the implanted device and dispersed throughout the local tissue environment.
Blood-derived proteins then activate inflammatory cells and stimulate the release of pro-
inflammatory and cytotoxic soluble factors. Release of pro-inflammatory molecules
facilitates selfperpetuation of both blood-brain barrier (BBB) breakdown and persistent
neuroinflammation around the implant. Right: Release of pro-inflammatory and cytotoxic
soluble factors can directly and indirectly lead to neuronal apoptosis. Cellular debris from
apoptotic cells can further stimulate microglia activation and initiate further BBB instability.
Therefore, the neuro-inflammatory response to intracortical microelectrodes will last as long
as the implant is implanted in the tissue, and interacting with cells or proteins. Figure
adapted from Potter et al. 2013.
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Figure 9.
Forces acting on the intracortical microelectrodes upon penetration.
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NATURAL MODEL: SEA CUCUMBER DERMIS

BIOMIMETIC DESIGN: ADAPTIVE NANOCOMPOSITES

4\ /;-‘:/\
O

Top: Pictures of a sea cucumber, in the threatened (stiff) and relaxed (soft) and state.
Bottom: Simplified schematic representation of the switching mechanism found in the sea
cucumber dermis and used in physiologically responsive mechanically-adaptive
nanocomposites. A soft matrix is reinforced with rigid particles, whose interactions in are
moderated by a chemical agent.
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Figure 11.

Plot showing the log of the Young’s modulus of mechanically adaptive PVAc/CNC
nanocomposites as function of exposure time to ACSF or implantation time in the rat cortex.
Data were acquired by either a dynamic mechanical analysis (DMA Data, open squares;
bulk materials) using a submersion clamp and exposing the sample to ACSF preheated to 37
°C or mechanical tests of microprobes that had been implanted into the rat cortex for the
time indicated and which were explanted for microtensile testing (Ex vivo Data, open
circles). The x-axis indicates the time of exposure to either ACSF or implanted in the rat
cortex, respectively. Reprinted with permission from Harris et al. Copyright © 2011 IOP
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Figure 12.
(A) Immunohistochemical analysis of CD68, a cellular marker for activated microglia/

macrophages. Representative fluorescence microscopy images of stained tissue show a
distinct benefit of mechanically compliant implants, compared to the chemically matched
non-compliant implants (16 weeks post-implantation; p < 0.05). Scale bar = 100 um. Error
bars represent standard error. (B) Immunohistochemical analysis of neuronal nuclei (NeuN)
around the implant site. Representative fluorescence microscopy images of stained tissue
show that neuronal dieback around the non-compliant implant was significantly higher than
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in case of the compliant nanocomposite implant at 16 weeks postimplantation. The bar
graphs show quantification of neuron densities. * Denotes significance between non-
compliant and compliant samples; # Denotes significance between noted implant and age-
matched sham control (p < 0.05). The horizontal dashed line represents the 100% neuron
level as determined by quantification of age-matched sham animals. Error bars represent
standard error. Figure adapted from Nguyen et al. 2014.
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Figure 13.

(a, b) Representative images of NeuN+ cells (green) around the NM (unmodified) and L1
(L1-peptide grafted) probes after 8 weeks of implantation in rat cortex. Below the set off
images, the corresponding normalized cell count differences between L1 and NM probes for
the 0-100 um region away from the interface (*p < 0.05). (c, d) Representative images of
neuronal filament (green) stained tissue after 8 weeks of implantation in rat cortex. Below
the set off images, the corresponding normalized neuronal filament intensity level
differences between L1 and NM probes for the 0-100 pm region away from the interface (*p
< 0.05). Scale bar = 100 um. Reprinted with permission form Azemi et al. Copyright ©
2008 Elsevier.
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Figure 14.
Rats treated with Resveratrol showed increased neuronal densities at the electrode interface,

no appreciable neurodegeneration, and a significant improvement in the stability of the
blood-brain barrier 2 weeks post-implantation of Michigan-type silicon microelectrodes.
Scale=100 um. Modified from Potter et al. 2013.
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Figure 15.
Chemical structures of poly(pyrrole) (PPy) and poly-(3,4-ethylene dioxythiophene)

(PEDOT), examples of conducting polymers explored in neural interfaces.
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Figure 16.
Chemical structures of monomers used to fabricate PEDOT and PEDOT-MeOH.
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Figure 17.
(a) Schematic of the electrochemical deposition cell and the neural cell monolayer cultured

on the surface of the metal electrode prior to polymerization. (b) PEDOT polymerized
around living cells. Reprinted with permission from Richardson-Burns. Copyright © 2007
Elsevier.
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Figure 18.

(a—d) Schematic representation of the fabrication of microtherad electrodes, and (¢) SEM
images of a fully assembled, functional electrode. Reprinted with permission from Kozia et
al.. Copyright © 2012 Nature Publishing Group.
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Figure 19.
Schematic illustration of conducting polymer (PEDOT) nanotube fabrication on neural

microelectrodes: (a, b) Electrospining of polylactic acid (PLLA) nanofibers. (c)
Electrochemical deposition of PEDOT. (d) Dissolution of the PLLA core. (e, f) Optical
microscopy images of the entire microelectrode (e) and single electrode site (f) before
surface modification. (g, h) Optical microscopy images of the entire microelectrode (g) and
single electrode site (h) after electrospining of PLLA nanofibers. (i, j) Optical microscopy
images of the entire microelectrode (i) and single electrode site (j) after electrochemical
deposition of PEDOT and remove of the PLLA core. Reprinted with permission from
Abidian et al. Copyright © 2009 Wiley-VCH.
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Table 1

Non-Exhaustive List of Bioactive Surface Treatments for Intracortical Microelectrodes.

Page 88

Bioactive Agent Coating Material Electrode Type Reference
Poly(pyrrole) (PPy) Gold-coated coverslip (185)
PLGA nanoparticles embedded in alginate hydrogel Silicon (262)
Dexamethasone (DEX) Nitrocellulose Silicon (166)
PLGA nanofibers Silicon (264)
Poly(propylene sulfide) nano%:a;(rité(él)es embedded in poly(ethylene Platinum (265)
Dextran Silicon, gold and polyimide (266)
Poly(ethyleneimine) (PEI) or Chitosan (CH) Silicon (260)
Laminin (LN)
Poly(pyrrole) (PPy) Gold-coated coverslip (267)
Poly(ethyleneimine) (PEI) Silicon (268)
Poly(ethylene glycol) (PEG) Silicon (257)
L1 Silicon dioxide modified using silane chemistry Silicon (256)
Parylene-C Tungsten (269)
Nitrocellulose Silicon (263)
a-MSH
Silicon modified using silane chemistry Silicon (255)
Parylene-C Silicon (224)
Nerve Growth Factor (NGF) Poly(ethylene dioxythiophene) (PEDOT) Platinum (270)
Poly(pyrrole) (PPy) Polystyrene (271)
Superoxide Dismutase (SOD) Surface functionalization Silicon (272)
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