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Abstract

Though neural interface systems (NISs) could provide a potential solution for mitigating the 

effects of limb loss and central nervous system (CNS) damage, the microelectrode array (MEA) 

component of NISs remains a significant limiting factor to their widespread clinical applications. 

Several strategies can be applied to MEA designs to increase their biocompatibility. Herein, we 

have provided an overview of NISs and their applications, along with a detailed discussion of 

strategies for alleviating the foreign body response (FBR) and abnormalities seen at the interface 

of MEAs and the brain tissue following MEA implantation. Various surface modifications, 

including natural/synthetic surface coatings, hydrogels and topography alterations, have shown to 

be highly successful in improving neural cell adhesion, reducing gliosis, and increasing MEA 

longevity. Different MEA surface geometries, such as those seen in the Utah and Michigan arrays, 

can help alleviate the resultant FBR by reducing insertion damage, while providing new avenues 

for improving MEA recording performance and resolution. Increasing overall flexibility of MEAs 

as well as reducing their stiffness have also been shown to reduce MEA induced micromotion 

along with FBR severity. By combining multiple different properties into a single MEA, the 

severity and duration of an FBR post-implantation could be reduced substantially.

Graphical Abstract
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the interface of microelectrode array (MEA) and the brain tissue following the MEA implantation.

*Corresponding to: Feng Zhao, Department of Biomedical Engineering, Michigan Technological University, 1400 Townsend Drive, 
Houghton, MI 49931, U.S., Tel: 906-487-2852, Fax: 906-487-1717, fengzhao@mtu.edu. 

HHS Public Access
Author manuscript
Adv Healthc Mater. Author manuscript; available in PMC 2020 October 01.

Published in final edited form as:
Adv Healthc Mater. 2019 October ; 8(19): e1900558. doi:10.1002/adhm.201900558.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Microelectrode array; foreign body response; surface modification; stiffness

1. Introduction

The human brain is of paramount importance to human survival, as it controls almost every 

physiological action characteristic of the body, including movement, maintenance of 

homeostasis, sensation, and various other functions. As such, the onset of neurological 

complications can be lifechanging, making performance of daily tasks extremely difficult, or 

even rendering an individual completely incapable of conducting normal daily operations. 

One such neurological complication is spinal cord injury (SCI), which can cause someone to 

become partially or completely paralyzed. Every year, there are approximately 17,000 new 

cases of spinal cord injury in the United States [1]. Moreover, other neurological 

complications including strokes and neurodegenerative disorders such as amyotrophic lateral 

sclerosis (ALS) make life challenging [2]. Another common injury that may not be directly 

related to complications of the nervous system, but still has significant impact on an 

individual’s life, is limb loss. It is estimated that 185,000 people in the United States 

undergo amputation procedures every year, with a total of approximately 2 million people 

suffering from limb loss in the United States alone. By 2050, the amount of people living 

with limb loss in the United States is expected to increase to 3.6 million [3]. At present time, 

there is no cure for the previously mentioned conditions.

However, while complete restoration of the neurological system may be a long-term goal, 

improving such conditions may be possible using neural interface systems (NISs). Typically, 

NISs involve establishing connection between the brain and an external apparatus by 
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surgically implanting a microelectrode array (MEA) into the brain. Generally, NISs are 

composed of four components, including an MEA, an output device, a mapping or decoding 

algorithm, and sensory feedback [2]. Regardless of the intended application or the 

complexity of a NIS, though, an MEA must be present in the brain for a NIS to work. 

Despite the fact that NISs have enormous potential for treating neurological complications, 

several issues with MEAs prevent NISs from being clinically applicable on a large scale. 

One of them is their substantial mechanical differences to those of tissues and cells of the 

brain.

For the past few decades, MEAs have been fabricated using silicon, glass, and metal 

(tungsten) microtechnologies [4]. The overall stiffness of these materials is characterized by 

a Young’s modulus in the range of GPa. Silicon, for instance, possesses a Young’s modulus 

of approximately 190 GPa [5]. Glass, depending on chemical composition, can have a 

Young’s modulus between 60 and 100 GPa [6]. A metallic substance, such as tungsten, has a 

Young’s modulus value of 410 GPa [7]. When observing tissues of the human body, the 

resulting Young’s modulus is significantly lower, within the range of kPa, according to 

indentation tests. In fact, tissues of the brain are extremely soft and compliant, such as gray 

matter, possessing a Young’s modulus of approximately 3 kPa [8], which is on a range of 

2×107 to 1.37×108 times lower in stiffness than that of the aforementioned materials used to 

fabricate MEAs. Such a large mechanical difference between the MEA and brain is highly 

detrimental to both the brain and MEA itself. Other factors, such as cell adhesion to MEAs 

and initial insertion damage play a role as well. Without proper cell adhesion, the MEA will 

be free to move around inside the brain, causing additional stress on tissue that is already 

damaged by insertion of the MEA. In addition, proper cell adhesion is necessary for cell 

proliferation and healing to occur. The significantly higher stiffness of MEA materials 

contributes to poor cell adhesion and proliferation. Combined, all of the previously 

mentioned MEA properties reduce the biocompatibility of MEAs and cause the elicitation of 

a foreign body response (FBR). In this review, the response of brain cells to the presence of 

MEAs and how the resulting FBR affects both the brain and MEA itself is discussed. 

Moreover, novel MEA technologies and their effectiveness in improving both the neural 

interface and MEA performance is reviewed, specifically those strategies involving 

modifications to surface properties, mechanical properties, and geometry of MEAs.

2. Brain Foreign Body Response

Prior to discussing the long-term consequences of implanted MEAs in the brain, it is first 

important to understand how the brain initially responds to the presence of an implanted 

device. Usually, an FBR is characterized by various stages, including injury upon 

implantation, interactions between the device/biomaterial and surrounding tissue, acute 

inflammation, chronic inflammation, development of granulated tissue, and enclosure of the 

device/biomaterial in a fibrous capsule [9]. Such is the typical process for most of the human 

body. However, when dealing with the brain, it is necessary to take a different approach, as 

the brain does not use the exact same mechanisms or cells for removing a foreign body. The 

following sections will provide a brief discussion of these unique features.
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2.1. Cell Types Present in the Brain

Due to the presence of the blood-brain barrier (BBB), many cell types, especially immune 

cells that are commonly found throughout the human body, are not present within the brain. 

To accommodate the presence of the BBB, the brain has developed its own repertoire of 

cells. There are two different general types of cells present in the brain: neurons and glial 

cells. Both neurons and glial cells share a common origin, arising during embryonic 

development from precursor cells of the neuroectodermal germ layer [10], which allows them 

to remain in the brain following BBB development.

Neurons are one of the most predominant cells in the nervous system that maintain overall 

brain function. They can be divided into three different sub-groups according to their 

function: (1) sensory neurons, (2) motor neurons, (3) and interneurons. Sensory neurons 

convey neural signals towards the central nervous system (CNS), and motor neurons convey 

neural signals away from the CNS, while interneurons conduct signals between the two [11]. 

It is commonly assumed that there are ten times more glial cells within the brain compared 

to that of neurons [12]. However, contrary to popular belief, it has been shown that the human 

brain is composed of similar amounts of both neurons (~86.1 ± 8.1 billion) and glial cells 

(~84.6 ± 9.6 billion) [13]. Along with neurons, glial cells play critical roles in the brain, 

including structural support and the local immune response. However, unlike neurons, they 

do not directly participate in electrical signal propagation or synaptic interaction [14]. There 

are various types of glial cells, including microglia, astrocytes, oligodendrocytes, and 

ependymal cells [11, 14–15].

Microglia compose about 12% of total brain cell mass and are characterized by their dark, 

elongated nucleus and limited cytoplasm; they are the smallest of all glial cells [11, 16]. 

Referred to as antigen presenting cells (APCs) due to their marked phagocytic activity and 

characteristic expression of major histocompatibility complex (MHC) class II antigens [17], 

microglia are the brain’s equivalent to monocytes of the body’s innate immune system and 

act as cytotoxic cells to protect the brain against infection [18]. Depending on the region of 

the brain, the overall density of resident microglia varies from 0.5 to 16.6% [19], with gray 

matter, along with regions of the olfactory telencephalon, hippocampus, basal ganglia, and 

substantia nigra, possessing the highest microglial concentrations [20].

Astrocytes are the most abundant type of glial cell, although the exact proportion of 

astrocytes in the brain is unclear. Studies have indicated, depending on the applied 

quantification technique, that astrocytes compose between 20-40% of all glial cells in the 

CNS [21]. They are large cells, possessing various extensions that give astrocytes a star-

shaped appearance [11]. These extensions allow astrocytes to maintain connections with each 

other as well as with neurons and blood vessels, to effectively maintain the BBB’s integrity 
[22]. Astrocytes can be further divided into three sub-groups based on their morphology and 

location, including radial astrocytes (ventricular system), protoplasmic astrocytes (gray 

matter) and fibrous astrocytes (white matter) [23]. They are responsible for a variety of 

functions including maintenance of brain homeostasis, neuromodulation, neuronal metabolic 

support, glial scar formation, and regulation of the CNS immune response [11, 24].
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Oligodendrocytes are comparatively smaller cells characterized by both a dark nucleus and 

cytoplasm and are the most abundant type of glial cell in white matter. They are mainly 

responsible for secreting myelin, which ultimately wraps around axons of the brain, acting 

as an insulator to increase neuronal signaling speed [11, 25]. Ependymal cells are 

characterized by a cuboidal to columnar shape and are responsible for the secretion of 

cerebrospinal fluid (CSF), within which the brain is suspended [11, 26]. While all neural cells 

contribute to the brain FBR, the main players are microglia and astrocytes.

2.2. Initial Damage, Foreign Body Response, and Glial Scaring

Initial insertion of MEAs into the brain is a violent process that causes significant damage to 

the surrounding tissue. MEA insertion disrupts the BBB and damages capillaries, 

extracellular matrix (ECM), and neurons as well as glial cell functions. This mechanical 

trauma subsequently initiates the healing process, which shares distinct similarities to the 

healing of other body components. Additionally, the resulting trauma releases erythrocytes, 

activates platelets, and initiates the complement cascade. This ultimately results in cytokine 

secretion, which causes microglia and astrocytes to undergo significant changes [27].

The process involving participation of microglia and astrocytes in the brain FBR is known as 

reactive gliosis [28]. Under normal circumstances, microglia exist in a resting or ramified 

state, rather than a completely inactive state, and constantly monitor the brain environment 

for any abnormalities. However, under stimulation, microglia undergo significant changes 

from a ramified to ameboid morphology, allowing them to migrate to the site of injury or 

infection [29]. Additionally, microglia experience increased levels of proliferation [17] and 

begin secreting various chemokine attractants (i.e. RANTES/CCL5, monocyte 

chemoattractant protein (MCP)-1/CCL2, interferon γ, inducible protein (IP)-10/CXCL10, 

macrophage inflammatory protein (MIP)-1α/CCL3, MIP-1β/CCL4, and MIP-2/CXCL2) 

and proinflammatory cytokines (i.e. tumor necrosis factor (TNF)-α, brain derived 

neurotropic factor (BDNF), nerve growth factor (NGF), neurotrophin-3 (NF-3), various 

interleukins (IL), interferons (IFN), colony stimulating factors (CSF), and transforming 

growth factors (TFG)) [30]. It has been shown that upon MEA insertion, microglia extend 

processes, or lamellipodia, towards the implant surface. Within 30 minutes after MEA 

insertion, microglial lamellipodia begin to encapsulate the implant [31]. Approximately 12 

hours following implantation, microglia can transition fully into their motile phase and begin 

moving towards the implanted MEA [32]. After 24 hours, the MEA can be surrounded by 

activated microglia that ultimately form an encapsulating sheath around the implant (Figure 

1) [33].

Upon initiation of the brain FBR, astrocytes undergo transition from a normal to reactive 

phenotype, which is characterized by increased proliferation, ECM production, and 

migration [34]. Depending on the severity of FBR, reactive astrocytes may be characterized 

by mild to moderate astrogliosis, severe diffuse reactive astrogliosis, or severe reactive 

astrogliosis with glial scaring. In mild to moderate astrogliosis, relatively less proliferation 

of astrocytes is observed compared to severe astrogliosis, and is usually associated with mild 

brain trauma, viral and bacterial infections, or small brain lesions [35]. However, in severe 

diffuse reactive astrogliosis, astrocyte proliferation increases substantially, and hypertrophy 
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of astrocyte processes experiences a pronounced increase, which is normally seen when 

there is a large focal lesion [35].

If the FBR is severe enough, both severe reactive gliosis and glial scaring can occur. This is 

characterized by substantial proliferation of reactive astrocytes, which surround the site of 

injury and activated microglia through overlapping of large numbers of astrocytic processes 

(Figure 1) [35]. A dense encapsulating sheath or glial scar forms and ultimately results in 

substantial tissue reorganization and structural changes which last for an indefinite period 
[34b, 35–36]. This is typically what would be seen due to the presence of an MEA implant or 

the result of severe trauma, penetrative wounds, or chronic neurodegeneration [48]. 

Astrocytic encapsulation of an MEA has been shown to occur approximately 2-3 weeks 

following initial implantation [36–37]. However, glial scaring is not necessarily negative for 

brain tissue and cells. The previously mentioned changes resulting from glial scaring include 

substantial invasion of the lesion scar by epithelial cells for the reorganization of blood 

vessels and revascularization of the area surrounding the lesion scar [38]. Also, an 

inflammatory response is essential to promote healing of the damaged tissues [39]. 

Nevertheless, persistent FBR can be quite detrimental to the brain.

3. Biocompatibility and Performance Assessment of Microelectrode 

Arrays

MEA biocompatibility is a significant issue, which prevents their large-scale application in 

NISs. As aforementioned, MEAs are primarily fabricated using stiff, inorganic materials, 

with silicon arguably being the most popular. However, mechanical properties and surface 

topography are not the sole determinants of FBR severity. Ultimately, the severity and 

duration of an FBR depends on various factors including composition, contact duration, 

surface topography, and surface chemistry of the MEAs [9d]. Furthermore, the amount of 

damage caused by initial MEA insertion has significant impact on how the resulting FBR 

will proceed.

Initial MEA insertion damages the BBB, disrupts brain homeostasis, and causes dysfunction 

of CNS components [40]. Also, MEAs used in neural prosthetics are meant to remain within 

the brain for long periods of time. With current MEA technology, long-term implantation of 

MEAs in the brain can have a multitude of unfavorable consequences, for both the brain and 

MEA itself. Brain FBR can be quite detrimental if it persists for long periods of time, which 

stems from prolonged activation of microglia [16–18]. Another issue arises from the physical 

and chemical differences between MEAs and the brain. Because of those differences, proper 

cell adhesion becomes difficult, which results in MEA micromotion and increased strain on 

brain cells and tissues [41]. Also, combining MEA induced strain with the FBR in the brain, 

this ultimately causes normal MEA function to be compromised, either partially or 

completely [42].

3.1. Microelectrode Array Insertion

When an MEA is inserted in the brain, a significant amount of initial damage is caused to 

the BBB’s neurovascular unit. The BBB is crucial for maintaining homeostasis in the CNS, 
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enclosing it in a protective vascular structure and effectively isolating the CNS from external 

blood circulation [43]. Upon disruption of the BBB, however, inflammation and microglial 

activation occurs, along with mitochondrial dysfunction and increased oxidative stress [44]. 

As such, damage to the BBB can have severe consequences. Bennett et al. [45] assessed BBB 

disruption caused by stab wounds and implantation of Utah MEAs, along with the overall 

consequences. Both stab wound and implantation groups saw upregulation of 

proinflammatory genes along with downregulation of genes for both tight junction (TJ) and 

adherens junction (AJ) proteins; this is suggestive of BBB dysfunction. In a separate study, 

Bennet et al. [40] also showed an interesting phenomenon regarding BBB disruption by 

MEAs. Upon BBB disruption, free iron is released into the parenchyma of the brain, which 

can further exacerbate the FBR through oxidative stress via Fenton chemistry. Iron plays a 

fundamental role in Fenton reactions, which produce reactive oxygen species (ROS). MEA 

induced injuries, if not rectified, can cause chronic micro-bleeding, iron overload, sustained 

ROS production, and further damage to the surrounding neural tissue [46].

Further adding to the damage caused by MEA insertion and BBB dysfunction is chronic 

activation of microglia. Microglia, as mentioned previously, are one of two main players in 

the overall brain FBR, which also includes astrocytes. While they are important for 

protection against infection or foreign materials, microglia can become neurotoxic if they 

remain active for long periods of time [47]. This is mainly due to their tendency to release 

ROS, nitric oxide (NO), and various proinflammatory factors such as TNF-α [30]. As such, 

they can potentially cause irreversible damage to the neurons and ECM of the surrounding 

tissue. Biran et al. [48] have demonstrated gliosis neurotoxicity by comparing overall damage 

to brain tissue over time between implanted MEAs and stab wounds in rats. A significant 

reduction in neuronal density was shown to occur around the MEAs in comparison to the 

stab wounds, which showed minimal neurofilament loss over time in comparison and 

eventual full neurofilament restoration.

3.2. Microelectrode Array Physical and Chemical Properties

One of the main problems with MEAs is that they are primarily fabricated using materials 

with substantial physical and chemical differences to that of brain tissues and cells. 

Normally, cells of both the brain and other soft tissues of the human body are accustomed to 

attaching to much softer surfaces with stiffness moduli on the order of 3-200 kPa [49]. This is 

cell type dependent, given that some cells, such as osteocytes, prefer to attach on stiffer 

surfaces [50], whereas neuronal cells have difficulty in attaching on stiffer surfaces. 

Additionally, topographical features on the substrate play a significant role in mediating cell 

attachment. However, lack of appropriate topographical features on the substrate could 

reduce focal adhesions [50], making it difficult for cells to proliferate, as they require stable 

adhesion in order to proliferate, which could become a problem during the healing phase 

after the MEA implantation.

Poor cell adhesion can result in MEA micromotion, which imposes additional strain on the 

brain [41b], causing exacerbated damage. Karumbaiah et al. [41a] demonstrated this 

occurrence, where astrocytes, microglia, and cortical neurons, were subjected to 

micromotion simulated stretch for set periods (4-23 hours for astrocytes, 2-12 hours for 
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microglia, and 2-8 hours for cortical neurons). It was discovered that over time, all cells 

experienced reduction in cell viability resulting from the applied strain, with cortical neurons 

experiencing the most pronounced drop in viability. Using stiff materials such as silicon and 

glass in MEA design adds risks to MEA micromotion and subsequent damages. Therefore, 

in moving forward with new MEA designs, it would be prudent to select mechanically 

compatible materials to the brain tissue. Also, it is possible to increase the amount of strain 

on the brain even further and exacerbate the FBR by tethering MEAs to the skull (Figure 

2A). In another study [51], it was demonstrated that tethering MEAs to the skull caused 

additional strain on the surrounding brain tissues with a far more significant FBR than the 

control, in which the MEA was not tethered to the skull. As such, tethered MEA designs 

introduce a significant amount of risk to the patient and MEA itself, making them unsuitable 

for widespread clinical use.

Additional factors regarding the MEA, such as surface topography and electrode thickness, 

also have a significant influence on overall MEA induced strain and subsequent damage to 

brain tissues and cells. Yin et al. [52] applied kinetic analysis to MEAs for the expressed 

purpose of determining optimal parameters in MEA design, specifically tip fillet, wedge 

angle, electrode thickness, stiffness and surface friction coefficient. It was observed that 

MEAs with a tip fillet radius of 20 mm, wedge angle of 45°, thickness of 40 μm, Young’s 

modus of 200 GPa, and frictional coefficient of 0.1 exhibited optimal performance. In a 

similar study, Ma et al. [53] used finite element (FE) models to test optimal MEA design 

parameters. Results showed that an MEA with a tip fillet of 20 μm, wedge angle of 70°, and 

wall thickness of 15 μm caused minimal injury from micromotion induced strain. Though 

the optimal values obtained for MEA parameters from the previously mentioned studies 

were different to some extent, this shows that proper MEA design is paramount for reducing 

micromotion and subsequent damage from MEA induced strain and the resultant FBR.

3.3. Microelectrode Array Performance

Aside from damage to the brain, there are also issues when it comes to the MEA itself after 

long-term implantation in the brain. Over time, MEAs experience a reduction in recording 

performance following prolonged FBR and MEA induced strain. In a study performed by 

Nolta et al. [42], 4×4 Utah Electrode Arrays were implanted into the cerebral cortex of young 

adult rats. The rats were monitored for device failure by determining the amount of 

recordable signal activity of each MEA. It was found that over a course of 12 weeks, there 

was an increase in recording failure among the MEAs. Similar phenomena were observed in 

a study by Debnath et al. [54], where MEAs were implanted into marmoset brains and 

monitored for signal stability and quality over the course of several months. Over time, 

many of the MEAs lost signal stability, with only 2 of 11 MEAs showing long-term stability. 

Several other studies have also reported the occurrence of MEA signal loss or recording 

failure over time [55]. There are multiple culprits for why MEAs experience recording failure 

over time, including the brain FBR or reasons not attributed to the FBR, such as leakiness of 

the BBB and astrogliosis [42]. The MEA failure could also be attributed to factors such as 

infection [56], connector failure [55b], or MEA degradation [57]. However, the exact 

mechanisms of MEA recording failure are not entirely clear [42].
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4. Microelectrode Array Modifications for Improving the Neural Interface 

and Reducing the Foreign Body Response

Clinical application of NISs is limited due to the tendency of MEAs to elicit a prolonged 

immune response and to the fact that they experience loss in performance over time. 

Therefore, in order to apply NIS technology on a large scale, the FBR following MEA 

implantation must be substantially reduced to allow successful neural interfacing and 

maintaining MEA functionality. Several strategies have been applied in the past to promote 

integration of MEAs into the brain, including altering their surface topography, geometry, 

and stiffness, along with application of biomimetic coatings and drug/gene delivery [58]. The 

following sections discuss several approaches for modifying MEAs in reducing the FBR and 

maintaining a stable neural interface. The strategies for improving microelectrode arrays 

have also been summarized in Table 1.

4.1. Surface Modification

Upon MEA insertion, the first thing brain tissues and cells will come into contact with is the 

surface of the MEA. Thus, characteristics of the MEA surface will have significant impact 

on the progression of the resulting FBR. Notable surface modifications to MEAs include 

alterations of both surface chemistry and topography, which influence the ability of neuronal 

cells and proteins to adhere (cells) or adsorb (proteins) to the MEA surface, along with the 

ability of neuronal cells to proliferate and repair the site of injury. The degree of glial 

interaction with the MEA surface can also be influenced considerably through MEA surface 

chemistry and topography alterations.

4.1.1. Surface Chemistry Modification—In the context of this paper, MEA surface 

chemistry refers to chemical substances used to augment biocompatibility or stability of the 

MEA surface. Depending on chemical compositions, they can affect the types of 

intermolecular forces interacting with neural cells and proteins, such as hydrophobic/

hydrophilic interactions (proteins preferentially adhere to hydrophobic surfaces) [39, 59], or 

how glial cells interact with the MEA during an FBR. A common approach for modifying 

surface chemistry of MEAs is through application of various neurointegrative coatings, 

which may include extracellular matrix (ECM) components, as well as synthetic chemicals 

and polymers intended for improving neural cell adhesion to the MEA surface, reducing 

gliosis and subsequent glial scaring, or increasing MEA longevity (Figure 3A). Hydrogels 

have also been applied to MEAs in attempt to improve their biocompatibility.

The ECM is of paramount importance for proper functioning of both cells and tissues, given 

it serves as a structural element and possesses various components, such as proteins, that 

allow for cells to facilitate focal adhesions with their surrounding environment [39]. ECM 

based coatings can serve as a biomimetic substitute for native ECM in the brain, allowing for 

facilitation of stronger cellular adhesion to the surface of the MEA. Additionally, it has been 

shown that the ECM exhibits both hemostatic and immunomodulatory properties [60]. In one 

study [61], the effectiveness of clinically approved neurosurgical hemostatic coating 

(Avitene™-MCH) was compared with an ECM coating obtained from astrocytes in rat 

brains on suppressing resulting FBR following the implantation of MEAs. It was discovered 
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that both coatings possessed accelerative effects on the coagulation cascade, but the coating 

obtained from rat astrocytes also possessed microglial suppressive properties. Moreover, the 

astrocyte-based coating reduced severity of astrogliosis 8 weeks following MEA 

implantation (Figure 3, B1–B4). In another study, Ceyssens et al. [62] assessed the 

effectiveness of a temporary coating of ECM proteins, which were obtained from thin slices 

of porcine gut tissue, on interfacing MEAs with brain tissue. Compared to an uncoated 

control MEA, the MEA with the ECM protein coating showed no significant damage to 

surrounding brain tissue 3 months following implantation. Coatings of ECM derived poly-D-

lysine (PDL) and neuroadhesive L1 have also been shown to impact biocompatibility of 

MEAs in a significant way. Ghane-Motlagh et al. [63] tested the effectiveness of PDL 

coatings on increasing neural cell adhesion and proliferation on the surface of silicon MEAs 

coated with polyethylene glycol (PEG) and Perylene-C. It was discovered that neuroblast 

cells cultured on the MEA surface preferred to grow on the tips coated with PDL compared 

to uncoated MEAs. In a study by Eles et al. [64], the effectiveness of neuroadhesive L1 

coatings on attenuating the attachment of microglia to MEAs was tested. Results indicated 

that in comparison to uncoated MEAs, MEAs coated with neuroadhesive L1 showed 

statistically significant 83% reduction in the number of microglia attached to the MEA 

surface. Several other studies have also indicated success in using neuroadhesive L1 to 

enhance MEA biocompatibility [65].

Although natural ECM shows great beneficial effects when applied on the MEA surfaces, 

there have been past instances where naturally derived ECM polymers exhibited 

immunogenicity because of the high temperature caused molecular changes during the 

implant fabrication process. Additionally, molecular structure variability is to be expected 

when deriving ECM coating materials from other species, such as animals, which may 

further cause issues including pathogen transfer [9d]. To develop more biocompatible, longer 

lasting MEAs, it may be necessary to use coatings other than those derived naturally as a 

result of said variability, such as synthetic polymers or naturally occurring polymers derived 

through synthetic means. This would allow each polymer to be tailored to the patient’s 

natural brain environment, possibly resulting in a significant increase in MEA 

biocompatibility. Alternatively, cell-derived ECM could be applied to MEAs to improve 

biocompatibility, as ECM secreted from cells more closely resembles native ECM. This 

reduces the likelihood of a negative immunological response such as that seen when using 

animal tissue-derived ECM, which is structurally different both physically and chemically 

from native human ECM.

MEA biocompatibility can also be improved through synthetic means, such as using 

polymer or chemical MEA coatings to facilitate cellular adhesion or attenuation of glial 

responses and improving MEA longevity. Capeletti et al. [66] tested the effectiveness of silica 

sol-gel coatings on supporting neural cell growth and reducing gliosis. Results indicated that 

the silica sol-gel coating was capable of preventing astrocyte growth, while simultaneously 

promoting adhesion and growth of neurons, which was an outcome resulting from the 

inclusion of aminopropyl groups within the gel. Polyionic nanocoatings, such as poly(3,4-

ethylenedioxythiophene) (PEDOT) films, especially those with mixed ionic charges, show 

promise in both improving biocompatibility and signal maintenance of MEAs [67]. It should 

also be noted that nanomaterial and nanostructure modifications to the MEA surface have a 
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significant impact on their electrical conductivity when electroconductive materials are used. 

In a study by Kojabad et al. [68], MEAs were enhanced with nanostructural modifications by 

coating them with polypyrrol nanotubes augmented with gold nanoparticles, which led to a 

tenfold decrease in the electrochemical impedance compared to the uncoated control. 

Burblies et al. [69] coated platinum cochlear neural electrodes with carbon nanotubules 

(CNTs). The CNT coatings both reduced electrical impedance and increased MEA 

capacitance, while also allowing for stable cell growth. Additionally, biomimetic superoxide 

dismutase (SOD) coatings have been shown to successfully in improve MEA longevity. 

Potter-Baker et al. [70] observed the effects of reactive oxygen species on a hybrid 

Mn(iii)tetrakis(4-benzoic acid)porphyrin (MnTBAP)-antioxidant composite coating. It was 

shown that the hybrid surface coating provided several days of shielding against reactive 

oxygen species, while also simultaneously reducing microglial production of both 

intracellular and extracellular reactive oxygen species. Yet as with naturally derived 

polymers, such as those composing the ECM, care must be taken when using synthetic 

polymers or chemicals, as they can possibly become immunogenic or toxic.

Hydrogels are also an important form of above-mentioned MEA surface coatings in attempt 

to improve their biocompatibility through different mechanisms. In a study by Skousen et al. 
[71], sodium alginate hydrogels, intended for acting as diffusion sinks were attached to the 

MEAs in varying degrees of thickness. It was discovered that by increasing hydrogel coating 

thickness up to 400 μm, overall FBR can be significantly reduced. While the aforementioned 

study indicates that hydrogel coatings can be used to increase biocompatibility, concerns 

remain in the degradation of hydrogels over time. As said study was conducted only over the 

course of 16 weeks, the long-term efficacy of a hydrogel coating needs to be evaluated. 

Additionally, the thickness of a hydrogel coating can be optimized to minimize the insertion 

damage as well as severe FBR.

4.1.2. Topography Modification—Another component of the MEA surface that has an 

impact on biocompatibility of MEAs is topography, which influences the surface area 

available for protein adsorption (Figure 3C). The greater the exposed surface area, the more 

proteins will adsorb to the MEA surface [39], which can significantly improve cell adhesion 

to the MEA surface. The stability of cell adhesion will ultimately influence their 

proliferation [72]. Good cell adhesion and proliferation is key for the brain to be able to heal 

following MEA implantation and to prevent micromotion induced strain around the MEA. In 

one study by Liu et al. [59a], the effects of both MEA topography on protein adsorption, 

specifically the adsorption of albumin, fibrinogen, and platelets, were tested. The applied 

microscale pillar structure influenced both platelet adhesion and activation, with topographic 

structures (interspacing of 6-8 μm) more similar to platelet size (2-3 μm) [73] successfully 

inhibiting these processes. Additionally, studies have also shown that nanoporous MEAs, 

such as those fabricated through the inclusion of nanoporous gold [74], can successfully 

reduce astrocytic coverage of the MEA surface (Figure 3, D1–D4), reduce scar tissue 

formation, and improve neuronal coverage. It was specified that the topography, not the 

surface chemistry of the MEAs, facilitated these improvements. This may be explained by 

the unique interactions of different cell types to different nanofeature size ranges through 

focal adhesions [75].
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However, in some cases, topographic alterations do not have significant impact on enhancing 

biocompatibility. Bérces et al. [76] demonstrated that neural cells preferred binding to each 

other rather than the nanopatterned silicon and platinum MEA surfaces. Also, a study 

performed by Ereifej et al. [77] tested the effects of nanopatterned parallel grooves (200nm 

wide and 200nm deep with 300nm spacing between) on MEA biocompatibility, specifically 

through determination of the overall inflammatory response. Results indicated that in 

comparison to the control, non-patterned, MEA surfaces, the nanopatterned grooves did not 

significantly reduce neuroinflammation. Topographical dimensions on an MEA surface may 

also determine how well neural cells will be able to bind to the MEA. One study [78] 

demonstrated that MEA surfaces covered with 580-800 nm long nanopillars with 150-200 

nm diameter exhibited less severe gliosis and more stable neuronal density in comparison to 

other examined surface topographies: (1) 2 μm surface patterns on unpolished silicon wafers, 

(2) polycrystalline silicon (grain size of 100-200 nm) possessing 1.04 surface roughness 

factor, and (3) fluorocarbon polymer coated 1-2 μm ridges. Nevertheless, topographic 

alterations alone may not have a pronounced effect on improving MEA biocompatibility, 

unless combined with additional factors. Combining nanoscale pores and microscale 

grooves with a PEDOT coating has been shown to not only reduce interfacial impedance, but 

also provide a favorable, non-toxic environment for neuronal growth [79]. It is also possible 

that the material from which the MEA is fabricated could compromise the biocompatibility 

and performance of the MEA even after its topographical alterations. Materials utilized to 

fabricated MEAs in most of the aforementioned studies [59a, 74, 76–77, 79] were primarily very 

stiff materials, such as platinum, silicon, glass, and stainless metals. Given neuronal cells 

have considerable difficulty in attaching to stiff surfaces, it comes to no surprise that success 

is not always guaranteed when applying surface topography enhancements to stiff substrates. 

To further enhance the efficacy of applying topographic alterations to MEA surfaces, it 

would be highly beneficial to use substrates with significantly lower stiffness ratings to 

apply and test the effectiveness of different topographies in improving MEA 

biocompatibility and longevity.

4.2. Surface Geometry Modification

Manipulating various geometrical factors of the MEA can result in difference in the FBR 

across cellular and tissue scales. These can also be the result of desires to use novel 

manufacturing methods to add features or manufacturing ease. Factors including the length, 

aspect ratio, and shape of the shank could all have an impact on the injury due to insertion, 

mechanical behavior, and long-term injury response. The shapes vary from the inclusion of 

pillars, or rods to create flat, round, or square pointed shanks (Figure 3E) [80]. Previously, 

there have been studies examining and comparing a variety of existing array configurations, 

however a comprehensive systematic evaluation of the geometric features has not been 

performed on currently relevant devices. Some of the most studied array geometries include 

the Utah array (Figure 2B) and the Michigan array (Figure 2C) [80–81], as they offer 

advantages over more traditional microwire electrode designs, such as noise reduction, 

increased ease of recording site definition, and reduction in the number of microdrives 

required to implant the electrode into the brain [82]. Utah arrays are characterized by grids of 

silicon microelectrodes, each of which are approximately 1 mm in length, with intermediate 

spacings of 0.4 mm and a surface area of about 12.96 mm2 [83]. Additionally, Parylene-C is 
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used to coat the surface of Utah electrodes, which acts to insulate the electrode. Also, 

iridium is deposited on the tips of each microelectrode to facilitate signal transduction [84]. 

Michigan electrodes are characterized by the presence of 16 recording sites arranged in a 

quad shank configuration fabricated from a silicon substrate. Each shank is approximately 3 

mm long, coated with a silicon dioxide/nitride insulating layer. The entire Michigan 

electrode possesses a surface area of approximately 1.25 mm2 [80]. One major difference 

between these two is their production method resulting in either a 2D or 3D geometry. The 

2D geometry of the Michigan electrode implies that it has less effective sensing area, 

reducing its sensitivity. However, the Michigan electrode offers several benefits, such as the 

ability to use silicon wafer manufacturing techniques to create channels or internal 

geometries/features within each electrode [85]. Additionally, the shanks can be manufactured 

to nearly any length, offering opportunities to obtain deeper signals.

Utah arrays are often shorter, as they are machined from the depth of a single sheet of silicon 

or metal. This limits their depth to a few millimeters, but also reduces their overall profile, 

often making them more practical for being placed in close proximity to the skull by 

reducing the proclivity for micromotions caused by exceeding the 1-2.5 mm subarachnoid 

space and coming in contact with bone [86]. Precision machining can also result in a dense 

array, resulting in higher resolution than is typically achieved using 2D methods. In a brief 

examination of these primary categories, Karumbaiah et al. [87] used histology, cytokines, 

and electrophysiology to demonstrate some of the differences between these geometries. 

They found that small electrodes (15μm Michigan electrodes and microwire electrodes) 

reduces glial scarring markers, while cylindrically shaped wire shanks help to mitigate long 

term FBR by limiting BBB breach. Another study [88] demonstrated that cylindrically 

shaped neural probes are feasible for maintaining single unit and multiunit activity long-term 

and were also shown to elicit a less severe FBR compared to other MEA geometries (Figure 

3, F1–F3), such as those utilized in focal epilepsy treatment. Floating, untethered MEAs 

(Figure 2A) have also shown promise in reducing FBR severity (Figure 3, F4 & F5) [89]. 

Other applications of geometric manipulation have been utilized to increase 

biocompatibility, such as creating synapse like structures (i.e. “nanoedges” mimicking the 

post synaptic cleft), and precise curvatures to increase electrical activity, though these are 

generally limited to surface features on planar electrodes [90], including topography and 

surface chemistry.

Furthermore, initial research has begun in using more advanced manufacturing techniques, 

such as 3D printing, to overcome the limitations of existing methods and combine some of 

the benefits of both Utah and Michigan arrays. Because additive manufacturing is being 

used, the length of the shank could be specified, limited only by the mechanical properties of 

the material. The shape and density of the shanks could be similarly controlled, depending 

on the resolution of the printing system used. As demonstrated by Roberts et al. [91], current 

technology allows for printing with resolutions of 5um vertical and 30 um lateral which has 

allowed them to mimic current array geometries for a 10×10 MEA consisting of 1.5 mm 

tapered electrodes. Further development of this technique could allow for the creation of 3D 

shanks of almost any geometry and length. An added benefit of this could be that it would 

remove the dependence on the stock materials currently used for longer electrodes (i.e. 

silicon), which are characterized by vastly different mechanical properties to that of brain 
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tissue, and instead allow for the development of polymer and metal shanks with improved 

biocompatibility.

4.3. Stiffness Modification

One of the most important aspects regarding MEAs that determines their biocompatibility is 

mechanical properties, especially stiffness. As aforementioned, cells and tissues of the brain 

are characterized by a Young’s modulus of approximately 3 kPa, whereas MEAs are 

characterized by Young’s moduli ≥60 GPa, depending on the material used to fabricate them 
[5–8]. Because of this large stiffness difference, cells are unable to pull on and stretch MEAs 

like they would normal brain substrate, preventing them from forming as many focal 

adhesions and increasing instability [50], ultimately resulting in a more severe FBR. 

However, by matching mechanical properties of MEAs with brain tissue, the FBR can be 

substantially reduced.

When designing flexible, soft MEAs, multiple factors must be considered regarding the 

material. Because neural MEAs are intended for a low stress, highly compliant environment, 

factors such as overall MEA yield strength, tensile strength, ductility, and toughness are 

arguably less important than MEA resilience and elasticity (i.e. neural cells need to be able 

to pull on and easily deform the MEA, but not permanently). Thereby, to increase MEA 

mechanical compliance, polymers are frequently used, as they can achieve a significantly 

lower Young’s modulus in comparison to metals, and elasticity can be introduced into the 

material. Sohal et al. [92] compared the severity of the FBR elicited when implanting two 

different types of MEAs into the brains of white rabbits: a stiff, nonflexible microwire MEA 

and a flexible, Parylene-C sinusoidal MEA. Both microglial and astrocytic responses were 

significantly lowered for the flexible sinusoidal MEA compared to the nonflexible microwire 

MEA surrounding the site of implantation. In another study, Luan et al. [93] observed the 

performance of ultraflexible nanoelectric thread (UNET) electrodes in reducing overall FBR. 

It was discovered that UNET electrodes achieved highly successful neural integration, with 

minimal glial scaring and full recovery of the BBB integrity. Several other studies have also 

reported significant reduction in FBR severity through alterations of MEA flexibility [94]. In 

a few cases, MEAs have been developed with stiffness moduli in the range of kPa (more 

closely resembling the brain tissue Young’s modulus range), which is significantly smaller 

than that seen in the more common silicon MEAs. Du et al. [95] developed ultrasoft MEAs 

with Young’s moduli less than 1 MPa and implanted them into rat brains to test their 

effectiveness in mitigating the FBR compared to a stiffer MEA with similar geometry and 

surface properties. The ultrasoft MEAs were far more superior to that of the stiff MEAs 

regarding FBR severity and tissue integration. In another study [96], extremely soft and 

compliant polypyrrol MEAs with low Young’s moduli (450 kPa), along with good 

stretchability, conductive properties, and substrate adhesion, were successfully developed. 

Ischiadic nerve stimulation in rats was also achieved using the polypyrrol MEAs. Given the 

large amount of data supporting the efficacy of using soft, flexible materials in the 

manufacture of MEAs, it would be highly beneficial to select materials that more closely 

resemble the brain tissue Young’s modulus for MEA manufacturing.
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With softer, more flexible MEAs, however, comes additional difficulty in inserting them into 

the brain. Nevertheless, it is possible to alter mechanical properties of MEAs, so they are 

stiffer upon implantation to aid penetration, but become flexible following implantation 

(Figure 3G). Kil et al. [97] used a dextran coating with a thickness of 37 μm and bending 

stiffness of 10.5 ± 5.5 N·m−1 (Young’s modulus of 0.6 ± 0.1 GPa) to temporarily stiffen 

flexible MEAs before insertion. The resulting FBR and glial scar formation following 

implantation of the dextran coated MEAs was shown to be very minimal, with neurons 

infiltrating the dextran coating site following dissolution (Figure 3, H1 & H2). In a study by 

Agorelius et al. [98], flexible MEAs were encased in a hard gelatin coating to aid in 

penetration, which would dissolve following MEA implantation. It was found that after 

several weeks following implantation, signals obtained from each MEA remained relatively 

stable, indicating that the gelatin coating prevented the MEA from becoming damaged 

during implantation. Khilwani et al. [94a] developed stiff dissolvable needles for small, 

compliant MEAs, which allowed insertion without mechanical failure and successful 

dissolution of the needle following implantation. Another study [99] tested the feasibility of 

using an ultrafast biodegrading polycarbonate (E5005(2K)) polymer coating (Young’s 

modulus = 1.6 GPa) for aiding in flexible Parylene MEA insertion. MEA probes of varying 

size and polymer coat thickness were implanted into rat brains, and an assessment of 

subsequent FBR and neural cell loss was performed. It was shown that small MEAs with 

appropriate coat thickness were characterized by less damage and a less severe FBR. 

Ultimately, the less damage caused upon insertion, the less severe the FBR will become.

Nguyen et al. [94b] tested the effectiveness of an MEA designed to be rigid initially, but 

becoming compliant following insertion, on reducing FBR severity. It was shown that the 

acute FBR characteristic of the mechanically adaptive MEA was similar to that seen from a 

permanently stiff MEA, but over time, the mechanically adaptive MEA resulted in a less 

severe FBR compared to stiff MEAs. In a study performed by Hess-Dunning et al. [100], 

MEAs composed of biomimetic mechanically-softening polymer nanocomposite were 

monitored for device and recording failure over the course of several weeks. MEA recording 

signals remained stable throughout the entire study. Another study by Potter et al. [101] tested 

the feasibility of not only applying mechanically adaptive polymers in MEA design, but 

upon softening of the MEA, being able to deliver local administrations of antioxidants, such 

as curcumin. The multiprong MEA design of mechanical softening and curcumin release 

resulted in higher neuronal survival and increased BBB stability. Taken together, reducing 

MEA stiffness, increasing MEA flexibility, and increasing ease of MEA insertion all have 

significant impact on MEA biocompatibility and recording performance.

Additionally, it may also be possible to modify mechanical properties of MEAs through the 

application of soft, compliant hydrogel surface coatings, rather than changing mechanical 

properties of the entire MEA (Figure 3G). Spencer et al. [102] developed polyethylene glycol 

dimethacrylate (PEG-DMA) hydrogel coatings for MEAs with thicknesses ranging from 

25-100 μm and mechanical properties (Young’s modulus of 11.6 kPa) similar to that of the 

brain tissue. In vivo testing of the PEG-DMA hydrogels showed that MEAs coated with 

hydrogels experienced significantly reduced strain caused by micromotion and glial scaring 

compared to hard, uncoated MEAs (Figure 3, H3–H5). Therefore, hydrogel coatings may be 

viable options for improving performance and biocompatibility of MEAs. However, as 
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aforementioned, hydrogels tend to degrade over time, so the long-term efficacy of using such 

a mechanically matched hydrogel in MEA design needs to be further assessed.

5. Future Outlook

Presently, most MEAs used in clinical applications are fabricated primarily using metallic 

substances such as silicon, tungsten, and glass [4]. A major issue with these materials is 

substantial differences in Young’s moduli between themselves and the brain tissue [5–8]. 

Also, differences in chemical properties cause additional problems with MEA 

biocompatibility, such as reduced cell adhesion and proliferation. As a result, without good 

cell adhesion, MEAs are free to move around in the brain, causing additional strain on the 

surrounding tissue [41b]. Not only does this cause damage to the brain, but it also 

compromises MEA function over time [42, 54]. Adding to this problem is the ensuing FBR 

following MEA insertion. Both prolonged microglial activation and formation of a glial scar 

cause issues for brain tissue and the MEA itself [42, 48]. Nevertheless, various modifications 

to MEAs have been shown to be highly successful in reducing the resulting FBR following 

MEA insertion and improving their performance. Applying modifications to surface 

chemistry, topography [59a, 61, 67b], stiffness [92, 96, 100], and geometry [81, 86, 90a] of MEAs 

have all been shown to be highly promising for improving MEA biocompatibility.

Although each of these modifications can mitigate the resultant FBR to some extent, the 

FBR still lasts, which will cause issues with the MEA. In order to substantially reduce 

severity of the FBR and maintain the signal transduction from an MEA, multiple different 

factors must be considered. The most logical approach would be to implement a multiprong 

MEA design by combining the modifications to surface properties, mechanical properties, 

and geometry. Also, to further improve MEA integration, it may be possible to implement 

additional factors beyond that of MEA design, such as therapeutic drugs. One example is the 

intravenous injection of the trefoil factor 3 (TFF3) protein (a protein upregulated in the liver 

in response to neural injury), which has been shown to possess neuroprotective properties, 

and is capable of diffusing through the BBB [103]. Another strategy is to implement stem cell 

therapies following MEA insertion. One example is mesenchymal stem cells (MSCs), which 

possess both immunomodulatory (cytokine induced nitric oxide production) [104] and tropic 

activity (inhibition of apoptosis and fibrosis/scaring, angiogenesis stimulation, anti-

inflammatory) [105], and could increase the speed of healing and reduce FBR severity. The 

fact that stem cells, such as human adipose-derived stem cells (hASCs) [106], are fully 

capable of passing through the BBB makes this an even more viable option. However, 

therapies involving stem cells are still in the developmental phase, and there is a 

considerable resistance to implementing them on a large scale. Nevertheless, further 

development of MEAs and NISs will likely yield considerable rewards and improve the lives 

of innumerable individuals.

6. Summary

There is considerable interest in applications of NISs, given they have the potential to 

improve lives of individuals possessing severe neurological complications. However, the 

inherent mechanical and chemical mismatch between brain tissue and MEAs results in 
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several undesirable effects, such as MEA micromotion and FBR. This not only causes 

damage and alterations to the brain, but also compromises MEA functionality, which 

ultimately leads to NIS malfunction over time. Therefore, various properties of implanted 

MEAs must be modified in order to meet the needs for large-scale clinical applications. 

Application of surface coatings (natural/synthetic) and topographical modifications to MEA 

design have been highly successful in reducing FBR severity, increasing neuronal survival, 

and boosting both MEA signal maintenance and longevity. Modifications to both MEA 

geometry and mechanical properties have also shown significant success in FBR reduction, 

increasing MEA service life, etc. However, these modifications do not always have a 

pronounced effect on MEA biocompatibility or overall performance. Because some 

approaches to MEA modification (i.e. nanopatterned grooves and Avitene™-MCH) are 

limited in their ability to improve neurological integration and host tolerance individually, 

this must be considered when designing newer generations of MEAs. Future MEA designs 

should incorporate all three aforementioned property modifications as well as the inclusion 

of external factors, such as drug delivery and stem cell therapies, to ensure maximum 

biocompatibility and overall performance.
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Figure 1: 
Interaction of neuronal cells with MEA shank. MEA insertion causes severing of capillaries, 

cellular processes, and extracellular matrix, along with the release of erythrocytes and 

platelets. Additionally, the release of cytokines causes microglia and astrocytes to undergo 

morphological and behavioral changes. Microglia migrate towards the MEA shank and 

proceed to encapsulate it, while at the same time releasing proinflammatory cytokines and 

chemokine attractants. Following microglial encapsulation, astrocytes extend their processes 

towards the MEA shank, proceeding to encapsulate both the microglia and MEA shank.
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Figure 2: 
MEA configuration examples. (A) Schematic demonstrating the difference between tethered 

and floating MEAs. Tethered MEAs, following implantation into the brain, are permanently 

attached to the skull to restrict movement, whereas floating MEAs are free to move around 

with the brain. (B) Schematic detailing the Utah MEA configuration. Grids of silicon 

electrodes 1 mm long, with 0.4 mm spacing and surface area of 12.96 mm2, coated with 

Parylene-C and iridium. (C) Schematic detailing the Michigan MEA configuration. A quad 

shank arrangement with 16 recording sites, with each shank coated with silicon dioxide/

nitride and measuring 3 mm in length (total surface area of 1.25 mm2).

Ferguson et al. Page 23

Adv Healthc Mater. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: 
Examples of MEA property modifications. Schematics demonstrating different types of 

surface modifications, including both surface chemistry (A) and topography (C), as well as 

modifications to surface geometry (E) and stiffness (G) are provided. (B1, B2) Glial 

fibrillary acidic protein (GFAP) stains comparing glial reactivity between an uncoated MEA 

(B1) with an MEA coated with astrocyte ECM (B2). The MEA coated with ECM showed 

reduced gliosis compared to uncoated MEA. (B3, B4) Surface images of uncoated MEA 

(B3) and astrocyte ECM coated MEA (B4). Reprinted from [61], Copyright 2018, with 
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permission from Elsevier. (D) Scanning electron microscopy (SEM) images of an unaltered 

MEA surface (D1) and MEA surface coated with nanoporous gold (D2). GFAP fluorescence 

images show reduced astrocytic coverage of nanoporous gold surface (D4), which had a 

10% astrocytic coverage, compared to unaltered MEA surface (D3), which had a 23% 

astrocytic coverage. Reprinted (adapted) with permission from [74]. © 2015 American 

Chemical Society. (F1, F2) Histological GFAP staining of neural tissue with cylindrically 

shaped MEA implant, demonstrating limited tissue reaction resulting from the 

aforementioned applied geometry. (F3) Optical micrograph image of cylindrically shaped 

MEA implant. (F4, F5) GFAP stains comparing resulting gliosis between two different 

geometries, including floating (F4) and Michigan (F5) MEAs are also provided. Modified 

with permission and licensed under Creative Commons Attribution BY-NC-ND 4.0: © 

Biomed. Eng.-Biomed. Tech. [88]. Modified with permission and licensed under Creative 

Commons Attribution CC-BY 3.0: © Journal of Neural Engineering [89]. (H1) GFAP 

overlaid with neuronal nuclei (NeuN) demonstrating efficacy of using temporary MEA 

stiffening with dissolvable coatings for insertion into the brain. (H2) Electron micrograph 

image of dextran coating. (H3, H4) GFAP stains comparing an uncoated, stiff MEA (H3) 

with a stiff MEA coated with a 200 μm thick layer of soft, compliant hydrogel (H4). (H5) 

Image of soft hydrogel coating on MEA. Modified with permission and licensed under 

Creative Commons Attribution CC-BY 4.0. © Micromachines [97a]. Modified with 

permission and licensed under Creative Commons Attribution CC-BY 3.0 [97b]. Modified 

with permission and licensed under Creative Commons Attribution CC-BY 4.0. © Scientific 

Reports [102].
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