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ABSTRACT 

Implantable recording devices such as intracortical microelectrode arrays can be used to provide 

bi-directional communication with the nervous system through the recording and stimulation of 

individual neurons. This enables clinically-relevant applications such as the implementation of 

brain-machine interfaces which aim to help restore lost motor and sensory functionality to 

patients with limb loss and paralysis. Their widespread implementation is limited, however, due 

to an inability to reliably record signals under chronic conditions, likely, in part, stemming from 

sustained neuroinflammation caused by their implantation. Furthermore, this inflammatory 

response may also cause unintended cognitive and functional deficits. While the causes of tissue 

response are multifaceted, mounting evidence suggests that device flexibility and dimensions, as 

well as neuroinflammation mediated in part by reactive oxygen species may play a large role in 

these adverse outcomes. In this dissertation, we evaluate design considerations for improving 

chronic device outcomes and demonstrate: (1) widespread variance in reported chronic study 



 

vi 

duration and long-term recording performance, as well as a depth-dependent effect on the 

recording capabilities of planar arrays, (2) the utility of amorphous silicon carbide as an insulator 

for commercially-available arrays, as well as the substrate for ultrathin arrays in chronic 

applications, (3) the acute implementation of a synthetic antioxidant coating immobilized onto 

silicon arrays, and (4) the impact of probe implantation on behavior, motor function, and 

learning.     
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CHAPTER 1 

INTRODUCTION 

1.1 Background and motivation 

Neural interfaces (NIs) are devices that interact with the nervous system, typically to 

record from or stimulate groups of neural cells in an effort to further our understanding of 

underlying physiology, pathology, and treatment of the nervous system [1]. In clinical practice, 

NIs are commonly used in noninvasive monitoring applications, wherein biopotential measures 

such as electromyograms and electroencephalograms (EEGs) are used to relay information 

regarding the function of muscles and the brain, respectively. For the brain specifically, 

noninvasive NIs often aid in the diagnosis of diseases such as seizure activity through the 

recording of irregular electrophysiological signals [2], whereas invasive NIs such as deep brain 

stimulating electrodes enable disease treatment via delivery of stimulation to the affected area 

[3]. This bi-directional communication with the nervous system demonstrates a therapy paradigm 

in which precise, patient-specific treatment can be delivered, monitored, and updated in real 

time.   

One emerging application of NIs is as the recording device for input to brain-machine 

interface (BMI) systems, which enable the control of an external machine using signals derived 

from the brain [4]. When this external machine is a robotic prosthetic or stimulation delivery 

system, BMIs offer the capacity to help restore lost motor or sensory function to patients 

suffering from limb loss or paralysis by bypassing missing or damaged segments of the nervous 

system. The closed control loop for BMIs consists of sensors to record neural activity, 
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computational hardware to process the data, algorithms to decode, i.e., predict, the intended 

motor or sensory function as well as generate control signals, a machine or device to receive the 

control signals and perform the intended function, and appropriate mechanisms to provide 

feedback to the patient [5]. 

There have been numerous demonstrations of BMI systems for a variety of applications. 

In rodents, BMIs have been used to decode neural activity during specific tasks involving the 

hindlimb [6], forelimb [7]–[9], force generation [10], [11], and gait analysis [12]–[14]. In this 

context, BMIs are often used to help develop and test decoding algorithms, as well as explore the 

efficacy of novel NI technology and behavioral paradigms for BMI applications. Studies 

involving non-human primates, however, tend to focus on algorithm development and the offline 

or real-time control of the effector itself. In one study, monkeys were implanted with Utah 

electrode arrays (UEAs), a commercially-available NI, and trained to control a cursor to perform 

a center out task [15]. Briefly, neuronal activity was recorded by UEAs while the monkeys used 

a joystick to move a cursor from the center of the screen to a target that randomly appeared at a 

radial distance and direction from the original starting point. The neuronal activity was then 

decoded using an offline (not in real time) algorithm that exhibited a high rate of success in 

predicting movement direction in the absence of concurrent information from the joystick. In this 

way, the algorithm could be used to generate control signals to accurately move the cursor on the 

screen using only neuronal activity and not a joystick. In a similar experiment, researchers first 

trained monkeys implanted with UEAs to use a pole equipped with force transducers to move a 

cursor on a screen to a target [16]. This was accomplished through directional force application 

and changing the size of the cursor based on grip force. After reaching proficiency on this test, 
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the pole was removed, and monkeys were tasked with controlling the cursor with just their 

thoughts. When proficiency was reached for this task, the direct control of the cursor was ended 

and replaced with a robotic arm. Monkeys learned to accurately control the robotic arm for 

movement and grip, using the cursor on the screen for visual feedback and not for direct 

communication. 

With promising results of BMI control having been demonstrated in non-human primates, 

this technology was translated for use in clinical studies with humans. As part of the Braingate 

and Braingate2 clinical trials, participants with severe movement disabilities were implanted 

with 96-channel UEAs in the motor cortex [17], [18]. Early trials saw one participant able to 

control a cursor on a screen to open simulated e-mail and play video games such as pong. After 

additional training, he was also able to control a simple-jointed robotic arm to grasp an object 

and move it from one location to another [18]. In a later trial, one female participant took part in 

practice sessions in which she would watch a computer-controlled robotic arm move and 

generate volitional thought to mimic the same movements in her paralyzed arm [17]. After an 

algorithm was trained based on her recorded neuronal activity during volitional thought, she was 

then able to control the robot arm, using it to grasp a bottle on a table, bring it towards her, rotate 

the bottle to a desirable angle to take a sip, and place it back on the table. Moreover, in an 

unrelated sensorimotor-focused study, researchers demonstrated the ability to restore, to a 

degree, a sense of touch in a participant with quadriplegia [19]. Subperceptual hand touch 

signals, confirmed through skin stimulated on the affected hand, were able to be decoding from 

neurons using a BMI in the primary motor cortex, thus enabling the control of functional 

electrical stimulation to a vibrotactile feedback array on the bicep above the level of the spinal 
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cord injury. This control of closed loop sensory feedback allowed for object touch detection 

above 90%, compared to chance when feedback was not provided. Overall, these demonstrations 

of BMIs in both preclinical and clinical settings showcase the tremendous potential to help 

restore lost motor and sensory functionality in patients undergoing neurorehabilitative efforts. 

1.2 Chronic failure of implanted devices 

For BMI applications, both noninvasive and invasive NIs have been used, and there are 

advantageous and disadvantageous associated with each. Noninvasive NIs for BMIs use EEGs, 

or the macroscopic neural oscillations recorded from the scalp, as the input signal. While no 

tissue damage is caused by the utilization of these devices, noninvasive signals tend to have 

lower information content and can be subject to multiple sources of noise including motion 

artifacts, and scalp resistivity through EEG electrodes. Furthermore, EEGs are less sensitive and 

specific because they arise from large groups of neurons, rather than individual cells. 

Noninvasive devices tend to maintain functionality more reliably over time however, as their 

external placement is not subject to the harsh environment within the body. Conversely, invasive 

NIs, while exposed to the internal milieu within the body, enable the recording of specific and 

sensitive signals due to their proximity to individual neurons. These implanted NIs are able to 

record both local field potentials (LFPs), the summation of electrical activity from a regional 

population of neurons, as well as single unit activity (SUA) from individual neurons. While LFPs 

have been successfully decoded in BMI applications [20], [21], most research has focused on 

SUA to enable precise control of external machines. To be most effective, it is widely accepted 

that the recording sites on these NIs need to be within 50-100 µm of viable neurons in order to 

discriminate single units [22]. Therefore, most NIs used in BMI systems are invasive, and 
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require implantation into the brain. Post-implantation, devices have exhibited a declining ability 

to resolve single units unfortunately, therefore limiting their widespread use in clinical settings. 

One study involving the use of UEAs in non-human primates reported that the number of 

channels able to record SUA decreased by up to 12.6% per month [15], while another reported 

an average single unit amplitude decrease of 2.4% per month [23]. Additionally, a 

comprehensive retrospective analysis of the failure modes of UEAs implanted in monkey cortex 

(n=78) over a 27-year period revealed that more than half (56%) of all arrays failed within one 

year post-implantation. This duration is not yet sufficient for extensive clinical use, as the 

functional lifespan of the device would necessitate repeated replacement through surgical 

intervention. The retrospective analysis further revealed that nearly half (48%) of failures were 

due to acute mechanical issues while another 24% were a result of observable gross biological 

outcomes, indicating that device stability issues stem from both abiotic and biotic factors. 

Abiotic failure mechanisms are typically either mechanical or material in nature and are 

generally a reflection of device robustness. Shanks of silicon-based NIs may fracture upon 

implantation or from shear forces introduced after insertion [24], [25]. Moreover, conventional 

implantable devices are either tethered to stiff wire bundles or directly bonded to connectors 

which introduces additional mechanical failure points [24]. Encapsulation materials can also 

delaminate, exposing the once insulated conductive pathways to the aqueous environment within 

the body [26]. While this may not result in acute failure, the increasing number of leakage 

pathways slowly hinder the device’s ability to resolve single units resulting in reduced implant 

functionality [27]. Amorphous silicon carbide (a-SiC) has recently garnered interest as a material 

for NIs due to its biocompatibility, resistance to corrosion, and amenability to thin-film 
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photolithographic techniques [28]–[31]. Knaack et al. implanted nonfunctional silicon arrays 

with and without a layer of deposited a-SiC into the cortex of rats, wherein each rat received both 

types of implants, to evaluate the biocompatibility of a-SiC in vivo [30]. Researchers observed 

that arrays coated with a-SiC and untreated arrays induced a similar neuronal loss and 

recruitment of activated microglia, while a-SiC-coated arrays experienced a reduced proximal 

density of astrocytes, suggesting that a-SiC may be more suitable for use in the brain. Using 

accelerated aging tests, Hsu et al. demonstrated minimal dissolution of a-SiC in 90 °C phosphate 

buffered saline, indicating that a-SiC may serve as stable material for encapsulating NIs [31]. 

Recently, Deku et al. fabricated ultrathin arrays using a-SiC as the substrate and implanted them 

into the cortex of Zebra Finches and rats for acute recording [29]. Their work was the first to 

demonstrate the use of a-SiC as both the substrate and encapsulation material to create NIs 

acutely capable of high-quality recordings. While use of this material to improve device 

robustness and potentially avoid adverse tissue reactions has been shown under acute conditions 

[29], it has yet to be demonstrated chronically.  

Regardless of a device’s robustness though, its implantation and subsequent indwelling 

period can elicit a foreign body response, resulting in biological failures. Initial probe insertion 

can sever and disrupt vasculature, as well as injure cells along its implantation path [32], [33], 

and is likely related to this size of the probe [34]–[36]. This blood brain barrier (BBB) breach 

triggers several acute cascades and processes aimed at wound healing, resulting in the 

recruitment of macrophages and other cells within hours of implantation [37]. A fraction of these 

cells, including proliferating microglia, can secrete pro-inflammatory factors and neurotoxins 

that attempt to break down the device and can cause neuronal apoptosis [38], [39]. While acute 
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stab injuries from implanted devices will resolve if the array is promptly removed [37], 

chronically indwelling probes are plagued by a sustained neuroinflammatory response 

characterized by the presence of reactive astrocytes that form a glial sheath around the device, as 

well as activated microglia that continue to attempt to phagocyte the foreign material for 

degradation [32]. This glial encapsulation can push away viable neurons, that when combined 

with neuronal apoptosis, can greatly reduce the density of neurons around the recording device 

[40], [41], which, as mentioned earlier, may impact the recording performance of the array. 

Additionally, the continued disruption to the BBB can lead to the accumulation of reactive 

oxygen species (ROS), which can in turn corrode electrode material, facilitate additional BBB 

damage, and cause harm to nearby neurons [42]–[44]. Oxidative stress is distinctly different 

from general inflammation and is implicated in several pathways [45], prompting the need to 

develop strategies targeted at specific mechanisms. Attempts to mitigate ROS accumulation have 

shown benefits in acute settings [46]–[48], but have yet to be demonstrated under chronic 

conditions. 

1.3 Implantation-induced functional deficits 

In addition to adverse biological outcomes associated with implanted devices, there is 

mounting evidence that injuries related to probe insertion into brain can cause cognitive and 

functional deficits as well. In a recent study, Goss-Varley et al., demonstrated that following 

probe implantation, rats experienced a reduced performance during a fine motor task [49]. 

Briefly, intracortical microelectrode arrays (MEAs) were inserted into the motor cortex of rats 

who were tasked with completing the ladder rung test, an assessment of fine motor control and 

coordinated movement [50]. They observed that compared to non-implanted control animals, rats 
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with MEAs experienced a staggering 527% increase in the average time required to cross the 

ladder. Additionally, they noted significantly more paw slips from rats implanted with devices 

compared to controls, signifying that probe implantation had a profound effect on the rats’ fine 

motor skills. Moreover, because the brain, especially the cortex, is complex and intricately 

interwoven, it is not unreasonable to assert that damage to one area may have downstream effects 

not directly related to the damaged area. Hirshler et al. implanted deep brain electrodes into the 

subthalamic nucleus (STN) of rats to evaluate the effects of regional inflammation on cognitive 

function [51]. Note that these electrodes were scaled down to be dimensionally proportional to 

the rodent brain. The STN is a common target in deep brain stimulation due to its implication in 

locomotor activity and role in symptoms such as tremors [52], [53], however, researchers 

observed a deficit in memory as assessed by the objection recognition test [54]. They 

contextualized their results, comparing them to studies demonstrating that chronic 

neuroinflammation led to a widespread reduction of cortical glucose metabolism that may be 

partially responsible for memory deficits [55], [56]. Cognition is not limited to memory though, 

and while there exists literature describing deficits associated with probe implantation, 

comprehensive evaluation of behavioral, motor, and sensory outcomes is necessary to gain a 

more thorough understanding of potential deficits. 

1.4 Objectives 

The primary goal of this dissertation is to evaluate design strategies associated with 

intracortical devices and assess their ability to reduce or circumvent the foreign body response, 

thereby improving the chronic reliability of MEA recording performance while also minimizing 
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potential functional deficits. To accomplish this, the ensuing work will be broken down into the 

following aims: 

(1) Review the historical context of chronic MEA experimentation duration and 

retrospectively compare the long-term recording performance of custom-built arrays, 

along with multiple configurations of commercially-available devices. 

(2) Assess the utility of a-SiC as both an encapsulation material for improved robustness 

and the substrate for fabrication of chronically-implanted ultrathin arrays. 

(3) Evaluate the utility of a synthetic antioxidant coating by assessing its impact on 

recording performance. 

(4) Evaluate the impact of intracortical MEAs on exploratory behavior, gross motor 

function, mechanosensation, and the learning of a skilled motor task to be utilized in 

decoding. 

In Chapter 2, we conduct a review of the literature for studies that claimed chronic 

implementation of intracortical devices to identify trends in recording outcomes across different 

devices and animal models. We observed widespread variance in reported duration and chronic 

recording performance, signifying a need to develop methods to standardize comparison of 

arrays. In using one potential method, active electrode yield, we compared the performance of 

the two main configurations of planar arrays and discovered there may be a depth-dependent 

effect on the ability to record neuronal activity. In Chapter 3, we encapsulated UEAs with a-SiC 

and fabricated ultrathin arrays using a-SiC as the substrate. Our results indicated that a-SiC-

encapsulated MEAs exhibited an improved ability to record SUA over 24 weeks, while ultrathin 

arrays significantly outperformed their larger counterparts that experienced similar depth-related 
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decay seen in Chapter 2. In Chapter 4, we utilized a super oxide dismutase mimetic to develop a 

coating that could be immobilized onto the surface of silicon arrays. We observed a significant 

improvement in the coating’s ability to improve recording performance under acute conditions. 

Lastly, in Chapter 5, we employed a battery of tests to assess the impact of probe implantation on 

behavior. We noted no discernable deficits in exploratory behavior, gross motor function, or 

mechanosensation, but did observe a reduced acquisition speed of a novel, skilled motor task that 

appeared dependent on device size. Furthermore, we demonstrated that this novel task could be 

decoded and serve as a useful paradigm for BMI applications. 
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Abstract 

While microelectrode arrays (MEAs) offer the promise of elucidating functional neural circuitry 

and serve as the basis for a cortical neuroprosthesis, the challenge of designing and 

demonstrating chronically reliable technology remains. Numerous studies report “chronic” data 

but the actual time spans and performance measures corresponding to the experimental work 

vary. In this study, we reviewed the experimental durations that constitute chronic studies across 

a range of MEA types and animal species to gain an understanding of the widespread variability 

in reported study duration. For rodents, which are the most commonly used animal model in 

chronic studies, we examined single unit yield (SUY) for different array types as a means to 

contextualize the study duration variance, as well as investigate and interpret the performance of 

custom devices in comparison to conventional MEAs. We observed wide-spread variance within 
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species for the chronic implantation period and a SUY that decayed linearly in rodent models 

that were implanted with commercially-available devices. In a follow up study, we implanted a 

small cohort of rats with two configurations of commercially-available planar arrays, single 

shank (SS) and multishank (MS), to investigate a potential mechanism, implantation depth, that 

may partially account for differences observed in the review of SUY for this class of device. We 

observed that SS arrays exhibited a depth-dependent ability to record single units. Furthermore, 

microelectrodes situated in the lower third of SS arrays exhibited an almost identical SUY decay 

profile to MS arrays, whose microelectrodes are all situated at deeper implantation depths. Taken 

together, these observations provide a benchmark for characterizing the chronic performance of 

conventional devices, comparing the performance of new technologies, and highlight the need 

for consistency in chronic MEA studies.  
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2.1 Part 1 

2.1.1 Introduction 

Neural interfaces have garnered tremendous interest in recent years due to their ability to 

record from and stimulate neuronal populations. These devices have provided an increased 

understanding of neuronal network dynamics underlying behavior and enabled a variety of 

clinical applications ranging from controlling text and cursors on a screen [1–3] to restoring lost 

motor and sensory functionality [4–9]. Neural interfaces for the central nervous system range 

from completely non-invasive (e.g., electroencephalography scalp electrodes), to epi/subdural 

electrocorticography arrays, to invasive intracortical microelectrode arrays (MEAs). While these 

devices all have tradeoffs between resolution of neural activity and invasiveness, intracortical 

MEAs have attracted significant attention due to their ability to interface with individual 

neurons, which when coupled with recent advancements in computational capabilities, allows for 

a relatively high level of specificity and volitional control [10]. 

Intracortical MEAs are characterized by electrodes with geometric surface areas that are 

typically smaller than 10,000 µm2 [11], that record and/or stimulate from within the cortex. 

Historically, these MEAs have been classified into three types of devices: microwire arrays, 

fabricated planar arrays, and machined arrays. Microwires are comprised of a core conducting 

wire generally constructed from tungsten, stainless steel, iridium, or platinum, and an insulator 

that typically consists of glass, parylene-C, polyimide, or Teflon. The insulation is commonly 

removed/exposed at the tip to create the recording site.  
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Planar arrays are historically fabricated from a rigid silicon substrate using 

photolithographic techniques in which layers of conductive and nonconductive materials are 

deposited in thin films to build up a planar structure. Conductive traces and electrodes are often 

made from metals such as gold or iridium and are insulated using polymer coatings similar to 

those used in microwires.  

Machined arrays use a dicing, etching, and glass reflow process to mill a block of silicon 

into a bed of penetrating needle-shaped shanks. Electrode material (often platinum or iridium) is 

then deposited on the shanks, followed by an insulator that is etched away at the tips to expose 

the recording sites, similar to microwires.  

Regardless of the type, each of the MEAs suffers from reliability issues over long periods 

of implantation. While there are both biotic and abiotic factors that influence reliability [12–14], 

the neural interfaces field is exploring a wide range of approaches spanning novel constituent 

materials and coatings [15–18] to ultrasmall dimensions [19–21] to pharmacological 

interventions [22–24] to achieve chronic reliability. With rapid advancement in MEA technology 

however, the question arises as to how to best contextualize and compare both the performance 

of novel devices to other custom-built or conventional arrays, as well as the duration for 

demonstrating this performance. 

In this study, we performed a comprehensive evaluation of studies published within the 

past 35 years that conducted experiments using intracortical MEAs where authors claimed either 

“chronic” or “long-term” experimentation. We then compiled and analyzed the data by 

correlating the corresponding timepoints within studies to a variety of metrics to gain a better 

understanding of the criteria involved in determining chronic performance. Furthermore, for 
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studies involving rodents, the most widely used animal model for chronic experimentation, we 

evaluated the utility of using single unit yield as a means to contextualize and compare the 

performance of novel and conventional MEAs. What emerges is a consensus- and biologically-

based rationale for chronic study duration, as well as a performance metric guided by a decay 

rate that informs the evaluation of prior work and the design of future MEA studies for 

fundamental and preclinical research.  

2.1.2 Materials and Methods 

Search Strategy 

A systematic search was conducted to collect a representative sample of the chronic 

intracortical MEA literature. The following search terms were used to identify articles in Google 

Scholar, PubMed, and Web of Science: chronic, long-term, intracortical implantation, 

microelectrode array, chronic MEA, brain interface, neural interface, and cortical electrode array. 

Additional manual searches were performed using the references of articles that were identified 

for inclusion in the study. 

 

Inclusion/Exclusion Criteria 

This study only included peer-reviewed articles that reported implanting a microelectrode 

array into the cortex of the brain for a “chronic” or “long-term” duration. A microelectrode array 

was defined as a having an electrode geometric surface area of less than 10,000 µm2 [11], 

thereby excluding many studies involving deep brain stimulating electrodes. Studies were 

excluded if they reported a “semi-chronic” timepoint or if they alluded to a chronic duration but 
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did not provide an actual number of days/weeks over which the study was conducted. Articles 

reporting the use of electrocorticography arrays were also excluded as these devices typically lie 

on surface of the brain and do not penetrate the cortex.  

 

Selection and Sorting of Studies 

After the initial search, titles and abstracts were evaluated to determine relevance to the 

study. Articles that passed the initial assessment and appeared likely to meet the inclusion 

criteria were then analyzed using the full text. Emphasis was placed on preclinical studies in 

order to better assess trends within academic and institutional research environments. Once it 

was confirmed that the article met the inclusion criteria, pertinent data was extracted and sorted 

by animal model, device used, and year published. The “Animal Model” grouping was broadly 

split into 5 categories: 1) Mouse, 2) Rat, 3) Small Animal (bird (finch/budgerigar), cat 

(domestic), guinea pig (domestic), pig (domestic), rabbit (domestic)), 4) Non-human Primate, 

and 5) Human. The “Device Used” grouping was divided into 4 categories: 1) Microwire, 2) 

NeuroNexus (planar arrays), 3) Blackrock (machined arrays), and 4) Custom, i.e., any study that 

described in-house fabrication or modification of commercially-available devices. This was done 

to intrinsically separate the commercial devices by fabrication methods, dimensions, and 

applications, as these could have a large effect on chronic duration. The “Year Published” 

grouping was conducted in 5-year increments. The chronic time point was recorded as the 

researcher’s intended experimental design duration. If none was explicitly stated, the time point 

at which the majority of data collection ended. For example, there were multiple studies in which 

a researcher continued to collect data somewhat indefinitely from one remaining animal to 



 

21 

determine how long physiological signals could be detected. If multiple time points were 

reported (e.g., histological endpoints), the longest duration was recorded. 

 

Single Unit Yield 

For studies involving the use of rodents, single unit yield (SUY), defined as the 

percentage of electrodes that recorded activity from individual neurons, was extracted at the 

earliest and latest timepoints that the data were reported. SUY was chosen as the representative 

performance metric due to its consistency in reporting, and similarity in acquisition and 

calculation across studies, as opposed to measures such as signal-to-noise ratio, electrochemical 

properties, and histological outcomes, which can vary drastically between studies. Curve fitting 

was conducted on SUY as a function of post-implantation duration to determine decay rates 

associated with potential decreases in device performance. A curve was considered “fit” if the 

Chi-Square tolerance was below 1 x 10-9 and the adjusted R2 value exceeded 0.5.  

 

2.1.3 Results 

The initial search yielded approximately 300 articles, of which 158 articles (162 data 

points) were ultimately chosen for inclusion in this survey. A few human studies were included 

to provide a more complete overview of intracortical MEA use, but the vast majority of selected 

articles and the ensuing analysis focused on preclinical models. To examine trends in how the 

term “chronic” was used, articles were grouped based on the animal model and device reported 

in the study, as well as the year the study was published.  
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The animal model group was broken down by size and prevalence in research, resulting 

in separate categories for mouse and rat, as well a “small animal group” for less commonly used 

species. For studies that reported using multiple animal models, each species was included as a 

distinct entry for data collection purposes, but did not affect the overall total number of articles. 

A breakdown of the groupings can be seen in Figure 1 and Table 1. 

 
Figure 2.1. Chronic durations based on animal species. The box is determined by the 25th and 75th percentiles while 

the whiskers indicate 1.5 times the interquartile range. The minimum and maximum are represented by asterisks 

while the horizontal line and small square within the box indicate the median and mean, respectively. The numbers 

below each box and whisker plot reflect the number of studies contributing to the plot. 
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Table 2.1. Chronic time point statistics based on model 

Metric (in weeks) Mouse Rat Small 

Animal 

Non-Human 

Primate 

Human 

Number of Studies 23 69 25 33 12 

Mean 13.5 10.8 25.1 58.0 93.3 

Median  12.0 8.00 14.3 31.9 61.0 

Range 0.429-34.7 1.00-52.0 0.700-96.0 1.43-163 26.0-282 

Standard Deviation 8.70 9.40 23.3 53.0 77.3 

References [24–45] [30,40,44,46–

111] 

[112–136] [134,137–166] [1,167–177] 

      

 

The rat model was the most common of the animal models with a relatively even 

distribution among the mouse, small animal, and non-human primate group. The mouse and rat 

models exhibited similar means and medians, whereas the remaining groups displayed increasing 

chronic durations that scaled to the size of the animal model. The variation within each group 

was quite large, with standard deviations ranging from 64-96% of the mean and medians that 

substantially differed from the means. This widespread variation highlights the lack of 

established standards in the field regarding the definition or use of the term “chronic” in this 

experimental context. Furthermore, the mouse, rat, and small animal models all included studies 

that reported chronic durations that were ≤ 1 week, while the non-human primate group included 

a chronic time point that was ≤ 2 weeks, despite mounting evidence that the dynamic phase of 
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the neuroinflammatory response due to probe implantation may last for several weeks 

[12,14,55,178–180]. Interestingly, the increase in animal model size and complexity also mapped 

to an increased average life expectancy [181], suggesting that the demonstration and expectation 

of device longevity and performance may be influenced by animal model selection 

(Supplementary Figure A.1).  

The use of the term chronic was also explored as a function of the type of implant used: 

Microwire, Neuronexus, Blackrock, or Custom. Figure 2 shows that the majority of studies used 

custom-made devices in their experiments, with all groups reporting high levels of variation 

similar to Figure 1. 

 

Figure 2.2. Chronic durations based on implanted device. The box is determined by the 25th and 75th percentiles 

while the whiskers indicate 1.5 times the interquartile range. The minimum and maximum are represented by 

asterisks while the horizontal line and small square within the box indicate the median and mean respectively. The 

numbers below each box and whisker plot reflect the number of studies contributing to the plot. 
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It is worth noting that the means of each device group appear to correlate with different 

animal models. The Neuronexus, Microwire, and Blackrock averages reflect the rat, small 

animal, and non-human primate/human models, respectively. This is not surprising for the latter, 

given that most of the work performed in non-human primates and humans utilize the Blackrock 

array. When examining the medians however, the same trend is not observed. The Custom, 

Microwire, and Neuronexus groups all reflect medians similar to that of the rat/mouse model. 

Additionally, the median of the Custom device group falls on the shorter end of the spectrum, on 

par with Microwires which were traditionally used in acute experiments. This may be because 

custom devices are typically examined in a mouse/rat model which provides a low cost and well-

studied means of testing novel arrays. To this end, we also asked how the device used may 

influence the definition of a chronic duration in the rat model. Supplementary Table A.1 

confirms that custom arrays were in fact the most widely used devices in the rat model. The 

means and medians were comparable across Custom, Microwire, and Neuronexus arrays, 

indicating that custom devices were not held to a different standard of chronic duration when 

compared to some commercially-available devices, at least in the rat model. Blackrock devices 

in rats did exhibit a longer duration, however. 

Extending this analysis to the other animal models, there were no substantial differences 

observed in the mean or median chronic duration when comparing the devices used in the mouse 

model (Supplementary Table A.2), but a longer duration was observed for small animal studies 

utilizing the Blackrock array as compared to the other array types (Supplementary Table A.3). 

The mean chronic duration for non-human primate studies were consistent, but the median did 

increase from Custom, to Microwire, to Blackrock arrays (Supplementary Table A.4). No trends 
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were observed for chronic duration as a function of the study publication year (Supplementary 

Table A.5).  

In an effort to gain insight into array performance across device types and studies over 

reported chronic duration, we extracted information related to recording performance, i.e., the 

ability of the array to measure physiologically relevant signals. SUY is generally reported as a 

percentage of electrodes that record activity from a single neuron and is valuable as a recording 

metric because of its consistency between animal models (underlying electrophysiology remains 

the same) and studies (calculated as a simple percentage), as opposed to the numerous formulas 

used to calculate signal-to-noise ratio, as well as electrochemical measurements that vary widely 

based on electrode dimension, roughness, and material composition. Because SUY is not as 

widely reported in larger animal experiments, and due to the high number of, and average 

duration similarities between, mouse and rat studies, our analysis focused on a combined rodent 

model.  

Figure 3A shows reported SUY measurements across different device types. Microwire, 

Neuronexus, and Blackrock arrays all exhibited a general decline in SUY over time, with yields 

at or below 30% after 16 weeks post-implantation. Custom arrays, however, did not exhibit any 

discernible trend over time, with studies reporting SUY between 15-75% at Week 16, 

highlighting the widespread variance in the performance of custom arrays. The distribution of 

Custom SUY appeared almost bimodal, with most yields falling between either 15-25% or 65-

75%. This stark difference in performance at similar timepoints is likely, in part, due to the 

various fabrication techniques and material composition used across studies, emphasizing the 

need for methodology to aid in the direct comparison of novel arrays.   
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Figure 2.3. Single unit yield over time. (A) A scatterplot of initial and final single unit yield percentages for Custom 

(black square), Microwire (red circle), Neuronexus (blue triangle), and Blackrock (green inverted triangle) as 

reported by the original studies (B) Curve fitting of a scatterplot consisting of commercially-fabricated devices 

(Neuronexus and Blackrock). The curve resulted in an initial SUY value of ~75% and slope of -2.2 percent/week 

with adjusted R2 and Pearson’s R values of 0.67 and -0.83 respectively. 

 

To this end, we investigated the use of curve fitting as a means to calculate the decay rate of 

SUY. Because our goal was to evaluate a standardization method for comparison of novel 

devices, we focused our curve fitting analysis on Neuronexus and Blackrock arrays (n = 24), the 

current standards for commercially-available MEA technology, and the most widely used and 

directly comparable devices across studies. Several fitting models were tested on the 

commercially-available SUY distribution including single and two-phase exponential decays, 

with the linear model providing the best fit. The linear model resulted in an adjusted R2 value of 

0.67 and a Pearson’s R of -0.83, indicating a strongly negative correlation between SUY and 

time (as expected) with a model fit that far exceeded chance (Figure 3B). The linear fit produced 

an initial SUY value of approximately 75% and slope of -2.2 percent/week, suggesting that these 

commercially-available devices can be expected to exhibit a relatively high level of performance 
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early on in a study, but may experience a decline of approximately 50% in performance over the 

course of 16 weeks.   

2.1.4 Discussion 

In this study, we report how researchers define the term “chronic” in intracortical 

microelectrode array applications. To our knowledge, this is the first systematic review on the 

use and interpretation of chronic duration in this field to date. By analyzing literature across 

various animal models and devices, this study highlights how variable the use of “chronic” or 

“long-term” is and reaffirms the need for a common interpretation to have consistency between 

researchers and standardized metrics for evaluating the long-term performance of this 

technology. Moreover, our evaluation of the decay rate of single unit yield, an 

electrophysiological performance measure common to many MEA studies, may be useful in 

helping to contextualize the long-term performance of novel arrays by serving as a generalizable 

standard of comparison.  

Intended Application and Abiotic Considerations 

The primary function of intracortical MEAs is to serve as a gateway into the nervous 

system, interfacing with the body to enhance our understanding of the underlying physiology and 

enable applications in motor and sensory functional improvements. In chronic experimentation, 

it is therefore of paramount importance to first characterize the long-term use of these devices 

based on their intended application and the ability of the device to perform as expected 

throughout the duration of anticipated use. Given the ever-increasing number of ways in which 

this technology could be utilized, intended application in this context can be broadly generalized 



 

29 

and divided into two categories: basic science and task performance. For studies aiming to 

answer questions regarding the fundamental science underlying physiology (e.g., foreign body 

response, plasticity, molecular pathways, etc.), the chronic duration of the experiment will 

largely be determined by the time course of the physiologic occurrence in question. Furthermore, 

these types of studies are typically carried out in a rodent model due to its low cost and well-

studied nature, so chronic duration may also be influenced by the animal model selection as well. 

For studies that aim to evaluate the use of MEAs to aid in performing specific tasks however 

(e.g., control of neuroprostheses, moving a computer cursor, or functional electrical stimulation), 

one could argue that the rehabilitative nature of these applications necessitate chronic durations 

that ideally last the lifetime of the patient. Given the current limitations of this technology though 

[12–14,182], it is unrealistic to expect MEAs to maintain functionality for this long. What may 

be a more useful approach in determining chronic durations is to partially base them on the 

limitations themselves. MEA failure modes can be categorized as either biotic, abiotic, or a 

combination of both. This study does not go into detail about abiotic failure modes (see 

[13,74,183,184]), but given the myriad materials, geometries, fabrication methods, and surgical 

techniques involved in implementing MEAs, it becomes increasingly difficult to pinpoint a 

chronic duration based on this metric alone, signifying that a range of durations may be 

necessary to account for the vast differences between devices. 

For research in which the primary purpose is to demonstrate long-term device 

functionality (electrophysiological or electrochemical), it may be prudent to include a 

performance metric component alongside the experimental duration rationale. Similar to the 

SUY decay rate evaluated in this study (Figure 3), using comparable device- or animal-specific 
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decay curves may provide a means by which to interpret the success of new technology, 

irrespective of material composition, geometries, or fabrication methods. Furthermore, utilizing 

these performance-based metrics in combination with experimental duration rationale may also 

aid in the interpretation of the performance of novel technology when compared to 

commercially-available devices.  

Biological Considerations 

The biological neuroinflammatory response to the implanted device is believed to be a major 

source of intracortical microelectrode failure, and should be considered, in part, in the definition 

of the time course of deployment within a living system. The biological response to intracortical 

microelectrodes is well-characterized, but many of the relationships between device performance 

and the dynamic and changing environment adjacent to the implanted microelectrodes remains 

unknown. In brief, it is well-known that there are at least two phases of the foreign body 

response, acute and chronic. The acute phase of inflammation is defined by the exudation of 

fluids and plasma proteins, as well as the migration of leukocytes to the site of injury [185]. In 

general, acute inflammation typically only lasts from minutes to days in response to most 

medical device implantation. However, with respect to intracortical microelectrodes, the blood-

brain barrier adds a unique dynamic. Several researchers have demonstrated that the blood-brain 

barrier remains leaky to both serum proteins and leukocytes as long as the intracortical 

microelectrodes remain implanted, suggesting that acute inflammation never completely subsides 

[79,186–188], despite the onset of a chronic inflammatory response and glial scar formation 

[189]. Due to the dual existence of both acute and chronic inflammatory states around the 

intracortical microelectrodes, and the regular micromotion of the microelectrode relative to the 
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adjacent tissue [190–192], there is a continued foreign body response that persists through the 

indwelling period, although relatively static and consistent in their processes [193], meaning 

there is no sudden dynamic or drastic shift in their behavior barring any externally-triggered 

stimulus. The point at which the biological response reaches what is essentially a steady-state, 

should therefore be the minimum time point at which the evaluation of a device is considered 

chronic. Numerous articles reporting analysis in a rodent model found strong evidence that 

reduced blood-brain barrier integrity and neuroinflammation that were acutely caused by 

vascular disruption, transitioned to a sub-chronic phase at 6 weeks that was characterized by 

endogenous tissue events [69,79,193–195]. Furthermore, these studies suggested that this 

response reaches a steady state at 12-16 weeks post implantation but varies largely based on the 

design and materials composition of the individual microelectrode [196]. 

2.1.5 Conclusions 

Based on the literature survey, there is a large variation in the duration of studies that 

investigate the chronic performance of implanted MEAs. A focused evaluation of rodent studies 

that utilized commercially-available devices revealed that there is a consistent decay rate in SUY 

that may serve as a benchmark for comparing emerging technology. Expanding on prior work 

that suggests that a minimum 12-16-week indwelling period may be sufficient for the assessment 

of chronic performance, the addition of a suitable performance metric such as SUY decay rate 

might aid in the contextualization and interpretation of the long-term functionality of this 

technology.  
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2.2 Part 2  

2.2.1 Introduction 

Intracortical microelectrode arrays (MEAs) are capable of recording the electrical activity 

of neurons within the cortex with high temporal and spatial resolution for single unit activity 

(SUA) [1], thus enabling a variety of brain-machine interface applications [2–7]. Advances in 

micro-scale manufacturing have enabled a wide design space for these devices relative to 

materials, size, and complexity [8–11]. In general, probes fall into one of two configurations: 

single shank (SS) or multi-shank (MS). While a SS probe is capable of stimulating and recording 

at various depths throughout the cortex, the MS MEAs aim to spatially distribute the recording 

sites normal to the insertion plane. By increasing the number of shanks on the neural 

microelectrodes however, there is a marked increase in device volume and altered mechanical 

coupling to the brain. Szarowski et al. performed a comprehensive analysis of brain histological 

responses to devices with varied MEA shank cross-sectional areas of 16,900, 10,000, and 5,000 

μm2 (among other physical properties) and reported that that the initial tissue response is 

proportional to the device size, whereas the sustained response is most likely a result of tissue-

material interactions [12]. Wang et al. reported that buckling forces for a MS array did not 

increase proportionally with an increased number of shanks [13], however the shear forces, 

quantified during implant insertion in cortical tissue, increased linearly with a larger number of 

shanks. This increase in shear forces, as demonstrated by a recent in vitro study [14], may lead to 

an increase in astrocytic cell density and decrease in neurite viability which could have 

implications on the local immunological environment surrounding indwelling probes. Numerous 
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studies have demonstrated that these contributions to neuronal injury and gliosis in vivo are also 

heightened in the presence of larger probes as well [12,15,16], exacerbating the inflammatory 

cascade that may lead to a decrease in device performance. While the histological response to SS 

and MS MEAs has been well-studied, few studies have directly compared the device 

performance outcomes between the two configurations. In this brief report, we aim to quantify 

the differences in the electrophysiological and electrochemical characteristics of SS and MS 

neural probes implanted in the rat motor cortex. Our results indicate that SS and MS arrays 

exhibit a differential decay profile relative to the active electrode yield, an effect that appears to 

be related to the microelectrode site depth within the cortex rather than the number of shanks. 

These findings have implications for understanding how different microelectrode array 

geometries perform under chronic implantation conditions.   

 

2.2.2 Materials and Methods 

Devices 

Experiments were carried out using commercially-available devices 

(Neuronexus Technologies, Ann Arbor, MI). SS arrays (A1x16-3mm-100-177-CM16LP) were 3 

mm in length, 15 µm thick, and a maximum of 123 µm wide at the base of the shank (Figure 

1A). These devices have 16 iridium microelectrodes with a geometric surface area of 177 

µm2 and spaced 100 µm apart, spanning approximately 1.5 mm from the tip of the shank. MS 

arrays (A4x4-2mm-200-200-200-CM16LP) were comprised of 4 shanks, each 2 mm in length, 

15 µm thick, and a maximum of 42 µm wide at the base of the shank (Figure 1B). Each shank 

contained 4 iridium microelectrodes that were 200 µm2 and spaced 200 µm apart, spanning 



 

44 

approximately 0.6 mm from the tip of the shank. MS electrode sites were activated prior to 

implantation using a previously established process consisting of rectangular potential pulsing 

between −0.6 V and 0.8 V versus Ag|AgCl in PBS pH 7.4 [17].  

 

Figure 2.4. Dimensions and configurations for single shank and multi-shank microelectrode arrays. Depth-based 

differences in microelectrode placement for single shank (A) and multi-shank (B) microelectrode devices, 

highlighting the differences between experimental groups. Pink shaded region indicates the cortex of the brain while 

dashed lines indicates that microelectrodes in the lower third of single shank arrays are implanted and aligned to the 

depth of multi-shank microelectrodes.  

 

 

Surgical Implantation of Devices 

All animal procedures were approved by The University of Texas at Dallas Institutional 

Animal Care and Use Committee. Adult, female Sprague Dawley rats (Charles River Wilmington, 

Laboratories, Inc., MA) were implanted with either a SS (n=3) or MS (n=5) array. Animals were 

initially anesthetized using an intraperitoneal injection of a ketamine (65 mg/kg), xylazine (13.33 

mg/kg), and acepromazine (1.5 mg/kg) cocktail (KXA, 0.94 ml/kg), followed by an intramuscular 
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injection of atropine sulfate (0.093 ml/kg) (Med-Vet International, Mettawa, IL, USA). After deep 

anesthesia was achieved, confirmed by tail and toe pinches, the rats’ scalp was shaved to eliminate 

hair from the surgical site. Rats were then transferred to a stereotactic frame (Kopf Instruments, 

Tujunga, CA, USA) where anesthesia was maintained using a maximum of 2% isoflurane (Vedco 

Inc., St Joseph, MO, USA) mixed with 100% oxygen. Alternating rounds of 10% iodine and 70% 

ethanol were used to sterilize the scalp and ophthalmic ointment (Lubrifresh P.M., Medline, 

Northfield, IL, USA) was placed over the eyes to prevent drying and irritation. After the initial 

midline incision and resecting of tissue, 3 anchoring bone screws (Stoelting Co., Wood Dale, IL, 

USA) were placed in the quadrants (defined by bregma and the coronal and sagittal sutures) 

adjacent to site of implantation as seen in Fig. 2. A ~2 x 2 mm craniotomy was created in the left 

motor cortex centered above the forepaw representation within the cortex (~ 2mm anterior from 

bregma and ~2mm lateral from the midline) (Figure 2 (A)). After the dura was resected, stainless 

steel ground and reference wires from the array were wrapped around the bone screws, and the 

device was inserted to a depth of 1.5-2 mm. Collagen-based dural grafts (Biodesign® Dural Graft, 

Cook Medical LLC, Bloomington, IN, USA) were placed around the device to serve as a dura 

replacement, and the craniotomy was sealed in a topical adhesive. Dental cement (Stoelting Co., 

Wood Dale, IL, USA) was then applied on the skull to form a head cap that encapsulated the device 

and bone screws, and surgical staples were used to close the initial midline incision. After surgery, 

rats were injected with 0.15 ml/kg of buprenorphine (ZooPharm, LLC., Windsor, CO, USA), 0.05 

ml/kg of cefazolin (Med-Vet International, Mettawa, IL, USA), and ~3 ml of sterilized phosphate 

buffered saline (PBS) to aid with rehydration. Rats were given a follow-up injection of 

buprenorphine 72 h after surgery. 



 

46 

 

Figure 2.5. Neuronal data acquisition and analysis. (A). Implantation schematic with a craniotomy over the left motor 

cortex and bone screws in the adjacent quadrants. (B) Representative image during a multi-shank implantation. (C) 

Representative single units recorded simultaneously from the same microelectrode of a single shank device. 

 

Electrophysiological Recordings and Analysis 

Weekly electrophysiological recordings were conducted on anesthetized animals starting 

one-week post-surgery for 8 weeks per previously established protocol [18]. Wideband 

recordings of spontaneous activity within the motor cortex were recorded simultaneously from 

all 16 microelectrodes for 10 minutes at 40 kHz (Omniplex, Plexon, Inc., Dallas, TX, USA). 

Data were then processed using a 4-pole, Butterworth high pass filter with a cutoff frequency of 

250 Hz to eliminate local field potential contributions. Individual spike waveforms were then 

extracted using a -4σ threshold from the root mean square (RMS) of the filtered wide band 

signal. Single units were then discriminated based on separation in principal component space, 

and whether the collected waveforms contained at least 100 spikes with a <3% violation of a 

1.5 ms minimum refractory period. Only putative units with Vpp greater than 40 µV were 

included for further analysis. Signal-to-noise ratio (SNR) was calculated by dividing the peak-to-
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peak voltage (Vpp) of each unit by the RMS noise of the corresponding channel [18]. 

Microelectrodes on SS devices were also grouped into upper, middle, and lower thirds to explore 

potential depth-dependent effects on recording, and to provide a more direct comparison to the 

MS arrays, which have microelectrodes concentrated in the deeper regions of the cortex upon 

implantation (Figure 1).  

 

Electrochemical Measurements and Analysis 

Electrochemical impedance spectroscopy (EIS) measurements were performed in 

anesthetized animals immediately following electrophysiological recordings using either a 

Gamry Reference 600 Potentiostat (Gamry Instruments, Warminster, PA, USA) or CH 

Instruments 604e series Electrochemical Analyzer/Workstation (CH Instruments Inc., Austin, 

TX, USA). EIS was performed using a 10 mV RMS sinusoidal signal versus external Pt counter 

and Ag|AgCl reference electrodes. Signals were acquired over a range of 1 to 105 Hz at 10 points 

per decade. A custom MATLAB script (Mathworks, Natick, MA) was utilized to extract the 

impedance magnitude (|Z|) at 1 kHz [19]. 

Immunohistochemistry 

Immunohistochemistry (IHC) preparation was performed as previously described [8]. 

Briefly, animals were euthanized using 200 mg/kg IP injection of sodium pentobarbital. Toe and 

tail pinches were used to confirm unconsciousness, and a transcardial perfusion was performed 

with PBS and followed by 4% paraformaldehyde (PFA) (Sigma-Aldrich, St. Louis, MO, USA). 

Intact brains were extracted and submerged in PFA solution for at least 24 hours prior to 

processing. Afterwards, the brain was sectioned around the implantation site and placed in a 4% 
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agarose solution (m/V) (Sigma-Aldrich, St. Louis, MO, USA) for better handling. Axial slicing 

of the sectioned tissue was performed using a vibratome (VT 1000S, Leica vibratome, Wetzlar, 

Germany) and 100 µm thick slices were collected using paint brushes. Tissue slices were stored 

in PBS with 0.1% (w/v) sodium azide (Sigma-Aldrich, St. Louis, MO, USA) at 4°C until 

staining was performed. 

 Brain slices were blocked in 4% (v/v) normal goat serum (Abcam Inc., 

Cambridge, UK) with 0.3% (v/v) Triton X-100 in 1x PBS with 0.1% sodium azide (Sigma-

Aldrich, St. Louis, MO, USA) for one hour. Afterwards, slices were incubated overnight at 4°C 

with primary antibody solutions (buffered solution with 3% (v/v) Triton X-100 in 1x PBS) that 

target astrocytes (glial fibrillary acidic protein (GFAP)) and neuronal nuclei (NeuN) (Abcam 

Inc., Cambridge, UK) as detailed in Table 1. The next day, slices were washed and then 

incubated with blocking solution containing goat anti-chicken IgY (Alexa Fluor 647), goat anti-

rabbit IgG (Alexa Fluor 555) (1:4000 dilution) and DAPI (0.6 µM) (Abcam Inc., Cambridge, 

UK). Slices were then washed and mounted on glass slides with Fluoromount aqueous mounting 

medium (Sigma-Aldrich, St. Louis, MO, USA).     

 

Table 2.2. Antibody staining 

Primary  

Antibodies 

Dilution 

Secondary  

Antibodies 

Dilution 

GFAF (astrocytes) 1:500 

Goat anti-chicken IgY  

(Alexa Fluor 647) 

1:4000 

NeuN (neuronal nuclei) 1:500 

Goat anti-rabbit IgG  

(Alexa Fluor 555) 

1:4000 
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Stained slices were viewed under an inverted confocal microscope (Nikon Ti eclipse + 

A1R, Nikon Instruments Inc., Tokyo, Japan) and controlled by Nikon Instruments Software 

package (version AR 4.40.00). Images were collected at 2048 x 2048 transverse resolution using 

a 10x objective. All hardware and software settings were conserved across individual image 

acquisitions.   

 

Statistical Analysis 

Statistical analysis was performed in OriginPro 2021 (Origin Lab, Northampton, MA, 

USA) and MATLAB R2020a (MathWorks, USA). When applicable, data were binned in two-

week intervals and averaged across electrodes. Mann-Whitney U tests were used to compare SS 

vs. MS data at individual time points whereas the Kruskal Wallis (nonparametric ANOVA) test 

was used to explore depth-related differences between groups. Dunn’s tests were used as a 

follow up to determine differences between groups analyzed in the Kruskal Wallis ANOVA. 

 

2.2.3 Results 

To evaluate the differences in recording capabilities between single and multi-shank 

devices, electrophysiological data were recorded from rats implanted with either SS (n=3) or MS 

(n=5) Neuronexus arrays. We observed that immediately following implantation, approximately 

50% of microelectrodes on SS arrays were able to record single unit activity, whereas nearly 

100% of electrodes on MS arrays recorded activity (Figure 3A). Similarly, MS arrays detected 

activity from almost three times as many individual neurons (units) as compared to SS arrays 

(Figure 3B) and yielded a higher SNR and Vpp as well (Figure 3C, 3D). However, this acute 
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observation was not sustained over the 8-week duration of the study. Within 4 weeks after 

surgery, MS array recording performance rapidly declined, whereas SS array performance 

remained relatively stable. SS active electrode yield remained significantly higher over the last 4 

weeks of the study. While SNR for both types of devices did decrease slightly over time, there 

were few differences seen between the two arrays, indicating that the diminished recorded 

activity for MS arrays may stem from a lack of nearby active neurons, rather than an inability to 

resolve the unit activity.  

 
Figure 2.6. Intracortical microelectrode array performance. Active electrode yield (A), number of units (B), signal-

to-noise ratio (C) and peak-to-peak voltage (D) of single shank (black) and multishank (blue) arrays. Data presented 

as mean ± SEM. * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001. 

The electrochemical stability of the devices was evaluated using electrochemical 

impedance spectroscopy, wherein the impedance magnitude of all microelectrodes across all 
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devices was measured weekly. At the 1 kHz frequency, impedance magnitudes were between 

0.4-2 MΩ (Figure 4B), well within the range of values often associated with the ability for 

devices to resolve and record SUA. SS microelectrode sites exhibited an increase in mean 

impedance at 1 kHz from in vitro (1.24 ± 0.0453 MΩ) to 1 week post-implantation (1.90 ± 0.674 

MΩ) which is consistent with prior observations comparing in vitro and in vivo impedances 

[17,20]. Overall, our results are consistent with previous literature investigating the chronic 

longevity of Neuronexus probes [21,22]. 

 
Figure 2.7. Electrochemical impedance spectroscopy. (A) Impedance magnitude for a representative single shank 

microelectrode at Weeks 1, 4, and 8. (B) Impedance magnitude at 1 kHz for single shank (black) and multi-shank 

(blue) devices. Data presented as mean ± SEM. 

 Lastly, we investigated potential depth-related differences in electrophysiological 

recordings. SS microelectrodes were divided into upper, middle, and lower thirds based on their 

depth upon implantation within the cortex. Because both types of MEAs were implanted to a 

depth of ~1.5-2 mm, the lower third of SS microelectrodes corresponded to the depth at which 

MS microelectrodes were implanted, approximately situated in layers V/VI of the cortex [23–

26]. Middle third microelectrodes were located roughly in layers III/IV while upper third 

electrodes were located in layer II-III.  
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Figure 2.8. Depth-dependent electrophysiological measures. (A) Active electrode yield for upper (black), middle 

(red), lower (blue), and multishank (green) electrodes. Significance during Week 0 was observed between 

multishank and lower third microelectrodes. Significance during Week 6 and Week 8 was observed between upper 

and both lower and multishank microelectrodes. (B) Noise levels for single shank electrodes at different depths. 

Significance during Week 6 and Week 8 was observed between upper and lower third microelectrodes. Data 

presented as mean ± SEM. * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001. 

 Figure 5A shows that there was a significant difference between groups at Weeks 

0, 2, 6, and 8. Subsequent Dunn’s Tests revealed that immediately following implantation (Week 

0), MS arrays exhibited a significantly higher yield compared to the upper third of SS arrays. At 

Week 2 however, AEY for SS upper third electrodes were higher than all other groups, and 

statistically higher than lower third electrodes. Towards the end of the study duration, upper third 

microelectrodes showed significantly greater recorded activity than the MS and lower third 

microelectrodes. It is important to note the virtually identical decay profiles between the active 

MS electrode sites compared to the lower group of SS electrodes. This observation suggests a 

depth-related phenomenon may underly the observed overall differences between SS and MS 

active electrode yield. Additionally, we did not observe notable differences in Vpp at varying 

depths. Noise levels, however, were significantly higher in the upper third electrodes compared 

to the lower third after 4 weeks post-implantation, indicating potential shifts in noise after the 

resolution of the acute phase of the foreign body response. Despite the differences in iridium 
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activation between MS and SS microelectrodes, the noise level for MS microelectrodes was 

similar to the lower third of microelectrodes on SS devices. 

 Since the tissue response has long been considered a factor in chronic device 

performance, we performed preliminary IHC focusing on the astrocytic (GFAP) and neuronal 

nuclei (NeuN) profiles to assess whether or not deeper regions would exhibit more profound 

tissue damage. For MS arrays, preliminary observations seen in Figure 6 indicate that the 

astrocytic response was more prominent at superficial depths from the cortical surface (~400 

µm) as compared to the deeper regions (~1000 µm).  

 
Figure 2.9. Immunohistological profile of cortical tissue implanted with multi-shank arrays at two depths. The 

columns indicate activated astrocytes/macrophages (GFAP), neuronal nuclei (NeuN), cell bodies (DAPI) and 

Composite images. Rows represent tissue collected at superficial (top panel, ~400 µm) and deeper (bottom panel, 

~1000 µm) depths. The white asterisks (*) on the individual images in the panel indicate the presumptive sites of the 

device shanks. Scale bar = 100 µm.    

Likewise, the neuronal distribution was slightly more pronounced at superficial depths as 

well. While these findings are preliminary, our observations are consistent with previous studies 

that examined the foreign body response of silicon-based probes [27–29], where superficial 

depths tend to show a more pronounced immunohistological response than deeper regions. Since 
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the MS microelectrode sites are located within deeper regions in the cortex when implanted, the 

loss of activity may not be related to a local tissue response. 

 

2.2.4 Discussion 

Efforts in recent years have aimed to improve the functionality and chronic performance 

of intracortical MEAs through a variety of design considerations. Advances in materials science 

have enabled devices comprised of soft or softening material [30–33] or that are coated with 

biomimetic gels and neuroprotective agents [28,34,35]. Likewise, innovations in fabrication 

techniques have facilitated the development of ultrasmall arrays [16,36,37], as well as arrays 

with increased microelectrode density [38–40] and unique mechanical/actuation properties [41–

44]. While the effects of these novel design changes have been at the forefront of investigation 

for intracortical MEAs, the influence of location of microelectrode sites has rarely been 

considered relative to performance. We observed that while SUA recorded on SS probes 

remained relatively stable over the 8-week study duration, activity recorded from MS probes 

rapidly declined over time. Upon further analysis, we observed that SS microelectrodes in the 

lower third of the shank, implanted to a similar depth as MS probes, exhibited this same severe 

drop off in activity (Figure 5A). Our results are in close agreement with observations seen by 

Golabchi et al., which revealed a similar depth dependence in active recording sites in the visual 

cortex. [45]. Interestingly, coating SS probes with the neuroadhesive protein L1 increased 

neuronal and axonal density near the implant while reducing glial activation and effectively 

eliminated the prominent decay of recording activity at the deeper implantation region. Our 

histological results however (Figure 6), suggest that the foreign body response, characterized by 
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increased concentrations of activated astrocytes, was less pronounced at deeper depths, and 

revealed the presence of neurons in proximity to the shank. While this observation has been 

commonly shown in the literature, given that the geometric dimensions of the shank taper 

towards the tip, it does suggest that there may be additional mechanisms involved in the depth-

dependent decrease in recorded activity. 

One such pathway may be related to the anatomical inhomogeneity in the cortex. Studies 

examining the cellular makeup and organization of the cortex have shown that more superficial 

layers (II-III) contain a slightly greater density of neurons, specifically large-bodied pyramidal 

neurons, as compared to deeper layers (V/VI) which contain neurons with a larger number of 

dendritic extensions [23,26,46]. While our histology images do reflect this trend (Figure 6, 

NeuN), they do not fully explain the decay in recorded activity. Immediately following 

implantation, MS arrays significantly outperformed SS arrays in terms of recording metrics 

(Figure 3). Furthermore, in this time frame, microelectrodes located in the lower and middle 

third of the SS recorded more activity than microelectrodes situated in the more superficial 

layers, indicating that the density of neurons within cortical layers may not entirely correspond to 

the level of electrophysiological activity that is being recorded.  

It is possible that the relative proportion of excitatory to inhibitory neurons may play a 

role in the differences in recorded activity. Beaulieu [26] and Meyer et al. [23] demonstrated that 

while the distribution of GABAergic (inhibitory) neurons was inhomogenous between layers, 

there was a concentration of inhibitory neurons in the upper third of layer II-III and in layer 

V/VIA. Consequently, microelectrodes located in these zones of inhibition may have 

experienced a substantial suppression in the recorded neuronal activity. Additionally, this 
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GABA-mediated inhibition, particularly in the deeper layers, may be partially explained by the 

neuronal response to mechanical perturbation. Literature investigating the cortical 

mechanosensation involved in traumatic brain injury has shown that a mechanical or stretch 

injury substantially increased GABA concentrations in vitro, thereby reducing spontaneous 

single unit activity [47–49]. While intracortical MEA implantation may be better modeled as a 

stab injury, micromotion-induced tissue strain may produce similar mechanical responses. 

Because both the SS and MS arrays are fixed at the skull, individual shanks can therefore be 

modeled as cantilever beams where the floating tips (deeper microelectrodes) would be subject 

to greater displacement forces [50]. This effect would be differentially observed along the length 

of the shank due to the tapering shank geometry, which would potentially translate to a higher, 

and more consistent, inhibitory response at deeper electrode sites. Furthermore, Magou et al. 

demonstrated in vitro that non-injured neurons immediately adjacent to stretch-injured neurons 

displayed acute hyperexcitability following injury induction, which may help to explain the 

significantly higher AEY of MS arrays right after implantation. 

 

2.2.5 Conclusions 

In this study, we demonstrated that there may be a depth-dependent effect on recorded single 

unit activity over time for both SS and MS intracortical MEAs. While numerous mechanisms 

may be involved in this decline of activity, our results indicate that the implantation depth of 

microelectrodes within the cortex resulting from particular designs needs to be considered 

relative to the chronic performance characterization.  
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Abstract 

In this study, we investigate the use of amorphous silicon carbide (a-SiC) as both an insulator, 

and as a substrate, to improve the chronic functionality of intracortical MEAs. First, we employ 

a-SiC as an insulator for a commercially-available device, the Utah electrode array (UEA). 

While UEAs are the only array approved by the FDA for use in human clinical trials, they have 

shown a reduced ability to resolve single unit activity (SUA) over time, prompting efforts such 

as the use of alternative insulation materials and reliance of local field potentials (LFPs) to 

improve device robustness and stability of neuroprosthetic control signals, respectively. The 

effect of different electrode insulation materials on LFP stability, particularly with UEAs, has not 

been extensively investigated, especially in rats, which provide a well-studied model for 

behavior and motor cortex injury. Here, we report the chronic stability of LFPs from both 

parylene-C- and a-SiC-encapsulated UEAs implanted in the rat motor cortex.  We observed that 

while the ability of a-SiC-encapsulated UEAs to record bandpower did slowly decrease over 

time, they recorded substantially higher magnitudes of bandpower through a 24-week indwelling 
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period compared to parylene-C-encapsulated (standard) UEAs. Building upon these 

observations, we then fabricated ultrathin (<10 µm thick) arrays in which both the substrate and 

encapsulation were a-SiC. These devices, when implanted in the rat motor cortex, resolved single 

unit activity at a significantly higher percentage across electrodes over chronic implantation 

period compared to commercially-available control devices. Together, these findings suggest that 

a-siC may be a suitable material to help improve the long-term performance of intracortical 

MEAs.  
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3.1 Part 1 

3.1.1 Introduction 

Intracortical microelectrode arrays (MEAs) enable applications for fundamental neuroscience 

as well as clinical studies. These devices have demonstrated the ability to record and resolve 

neural single unit activity (SUA), giving neuroscientists a deeper understanding of the 

connectivity and functionality of the brain and nervous system[1]–[3]. Moreover, studies have 

shown that these signals can be decoded and used as input to a control system for 

neuroprostheses, allowing subjects to manipulate a prosthetic and recover or supplement lost 

motor functionality[4]–[8]. 

To date, most motor decoding applications use SUA acquired with Utah electrode arrays 

(UEAs, Blackrock Microsystems, USA). Their widespread use in clinical applications has been 

limited however due to ongoing concerns with chronic stability and reliability, with some studies 

in non-human primates[5], [9], [10] and humans[11] reporting a reduced ability to distinguish 

single units over the course of several years. It has been suggested that this decline may be due, 

in part, to a loss of neuronal activity that may be related to a foreign body response induced by 

the initial implantation[12], as well as by continued probe-tissue mechanical mismatch and 

micromotion[13]–[15]. From a hardware standpoint, device failure has been documented as an 

aggregation of various factors[10], [12] including the degradation of the polymer encapsulation, 

prompting interest in developing alternative insulation materials that are well-tolerated and stable 

in vivo. Recent studies have demonstrated that amorphous silicon carbide (a-SiC) may be an 

alternative to Parylene-C as the encapsulation material for intracortical MEAs during chronic 
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recordings[16]–[18]. Furthermore, a-SiC has shown promise as both the primary substrate and 

encapsulation material for intracortical MEAs during acute recordings[19], [20]. Despite the use 

of a potentially more stable insulator however, there was still a marked decrease in recorded 

SUA with a-SiC-encapsulated MEAs, indicating that while progress is being made towards 

improving device robustness, clinical viability may benefit from alternative approaches to how 

neuronal signals are used as input for volitionally-controlled prostheses. 

Local field potentials (LFPs), the summation of electrical activity from a local population of 

neurons, have garnered interest as the neural control signal for neuroprostheses because they 

often exhibit little signal degradation and are less susceptible to single unit changes[9], [21]. 

Because LFPs are a reflection of population activity, they have a lower spatial and temporal 

resolution compared to SUA recordings. However, recent studies have demonstrated the 

potential use of LFPs in brain-machine (BMI) and brain-computer interface (BCI) applications in 

non-human primates with UEAs [9], [21]–[24]. Similar studies have also investigated the use of 

LFPs for decoding in rodents, but using a variety of laminar intracortical probes[25]–[29]. Few 

studies have explored the use of UEAs in rats however[30], [31], which provide a low-cost, well-

studied, and easy-to-train[32], [33] model for motor cortex injury and repair, as well as 

plasticity[34]–[37]. Moreover, because UEAs are used in FDA-approved clinical trials in human 

subjects[11], [38]–[41], it is particularly important to gain a comprehensive understanding of 

how these devices perform chronically in vivo and how modifications, e.g. alternative 

encapsulation materials, affect their performance. 

In this study, we explore the stability of LFPs recorded from UEAs and investigate the 

effects of a-SiC encapsulation on LFP performance and stability. Data were collected from prior 
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studies in which Parylene-C-encapsulated and a-SiC-encapsulated UEAs were implanted in the 

rat motor cortex[16], [42]. Besides encapsulation, all other materials were identical between the 

two types of arrays. Electrophysiological recordings, electrochemical impedance spectroscopy 

(EIS), and cyclic voltammetry (CV) were carried out weekly on lightly anesthetized rats. 

Electrophysiological recordings were also conducted approximately once a month on awake 

(freely-behaving) animals. LFPs were extracted from the wide-band recordings and bandpower 

calculated. Scanning electron microscopy (SEM) was performed and optical images taken of 

explanted arrays to observe device degradation. Our results indicate a significant difference in 

initial bandpower between array types, likely due to electrode surface area, and demonstrate 

trends in chronic stability similar to those seen in non-human primate studies. 

 

3.1.2 Materials and Methods 

Devices and Implantation 

Two cohorts of rats were implanted with 16-channel UEAs. One group (n=10) was 

implanted with standard, silicon-based Blackrock UEAs that were encapsulated with Parylene-C. 

The other group (n=8) was implanted with UEAs encapsulated with a-SiC that was deposited 

using a plasma enhanced chemical vapor deposition system. The electrode sites of both array 

types were coated with sputtered iridium oxide films (SIROF). A-SiC film thickness was 

measured using focused ion beam cross-section images (FEI Nova 200, NanoLab Technologies, 

USA) and was found to be 191 ± 38 nm (mean ± standard deviation) at the base of the 

shanks[16]. The a-SiC coating at the tip of the shanks was removed by reactive ion etching prior 
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to SIROF deposition. Arrays were then inspected using SEM to ensure complete removal of a-

SiC at the tips before coating the electrodes with SIROF. 

Both types of devices were implanted using surgical procedures similar to those outlined 

by Black et al.[42] All procedures were performed in accordance with protocols approved by the 

Institutional Animal Care and Use Committee at the University of Texas at Dallas. Briefly, adult 

(9-15 weeks) male Long Evans rats were anesthetized using 2-3% isoflurane and given 

intraperitoneal injections of a 65 mg/ml ketamine, 13.3 mg/ml xylazine, 1.5 mg/ml acepromazine 

cocktail. Rats were then positioned in a stereotaxic frame (Kopf 940, Kopf Instruments, USA) 

and supplied with a constant flow of 1.5% isoflurane mixed with 100% oxygen. Devices were 

implanted in the right motor cortex using a pneumatic inserter (Blackrock Microsystems, USA). 

Platinum ground and reference wires were wrapped around rostral and caudal bone screws and 

dental cement was used to form a head cap, encapsulating the wires, screws, array, and backend 

Omnetics connector.  

 

Single Unit Recording and Analysis 

Weekly in vivo recordings were carried out as previously described.[42] Wideband data 

(0.1-7000 Hz) were collected at a 40,000 Hz sampling rate and recorded simultaneously from all 

16 electrodes for 10 minutes (Omniplex, Plexon, USA). For single unit analysis, data were then 

processed through Plexon’s PlexControl software using a 4-pole, high-pass Butterworth filter 

with a cutoff frequency of 250 Hz. Single units were discriminated using a 4σ threshold above 

the root mean square (RMS) noise of the filtered continuous signal. Single units were then 

manually sorted based on clustered separation in principal component space. Signal-to-noise 
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ratio (SNR) was calculated as the ratio of unit peak-to-peak voltage and RMS noise. Additional 

processing and analysis were carried out through Plexon’s Offline Sorter, NeuroExplorer (Nex 

Technologies) software, and custom MATLAB scripts. 

 

Local Field Potential Analysis 

The wideband data from the original electrophysiological recordings were processed 

using a 4-pole, Butterworth bandpass filter with cutoff frequencies at 0.5 and 300 Hz[43], [44]. 

Data were then passed through a notch filter at 60 Hz to remove line-frequency electrical noise. 

The power spectrum density of the data was calculated using a multi-taper method from the 

chronux MATLAB toolbox (mtspectumc), wherein the spectral content is estimated using non-

arbitrary, orthogonal Slepian windowing functions to reduce variance and bias[45], [46]. 

Afterwards, the LFP spectrum was separated into individual frequency ranges and bandpower 

was calculated in 8 different bands: delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 

Hz), gamma 1 (30-50 Hz), gamma 2 (50-100 Hz), gamma 3 (100-200 Hz), and broadband high 

frequency (BHF, 200-300 Hz) bands[43], [44]. 

 

Electrochemical Characterization 

Electrochemical measurements were performed to characterize electrode stability and 

recording capabilities. Measurements were taken as previously described using a Gamry 

Reference 600 potentiostat (Gamry Instruments, USA) in a standard three-electrode 

configuration (working, counter, and reference)[42]. A Pt counter and Ag|AgCl reference 

electrode were affixed to the animal’s tail and wrapped in gauze soaked in phosphate-buffered 

saline to ensure electrical contact during measurements. EIS measurements were taken at the 
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open-circuit potential of SIROF using a sinusoidal 10-mV RMS signal and acquired over a 

frequency range of 1 to 105 Hz at 10 points per decade. Impedance magnitude was extracted 

from the EIS recordings and analyzed at the physiological frequencies of 0.01 (LFP frequency 

range), 1 (SUA frequency range), and 10 (tissue conductivity) kHz to provide an indication of 

electrode recording capabilities. CV measurements (current versus potential) were collected at 

sweep rates of 50 mV/s and 50,000 mV/s between potential limits of -0.6 V and 0.8 V vs. 

Ag|AgCl, the potential range over which the reduction or oxidation of water is avoided on these 

materials. Cathodal charge storage capacity (CSCc) was calculated from the time integral of 

cathodal current as previously described[47] and provides a quantitative estimate of the charge 

available for stimulation from the Ir3+/Ir4+ reduction-oxidation couple, as well as tissue 

encapsulation and leakage pathways. 

 

Imaging 

SEM images were captured using a Zeiss Supra with an acceleration voltage of 1kV to 

minimize charging, while a Zeiss Stereo light microscope was used to obtain optical images of 

the large features of explanted arrays. 

 

Statistical Analysis 

Statistical analysis was performed using OriginPro (Origin Lab, USA) and MATLAB 

R2017a (MathWorks, USA) on a per-channel basis. Spearman rank correlation coefficients (rs) 

were calculated to examine possible relationships between bandpower and either electrochemical 

or electrophysiological measurements, with P < 0.05 considered significant.  
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3.1.3 Results 

To evaluate the impact of encapsulation material on the chronic stability of local field 

potentials, we recorded electrophysiological data from the motor cortex of rats implanted with 

either standard, Parylene-C- (n=10), or a-SiC-encapsulated (n=8) UEAs for 30 weeks. Awake 

recordings were also performed approximately once a month (n=5 for standard UEAs, n=8 for a-

SiC UEAs). Of the 10 rats implanted with standard UEAs, 6 reached the 30-week endpoint. Of 

the 4 rats that did not reach the endpoint, 2 suffered from mechanical detachment of the head cap 

(4 and 5 weeks post-implantation respectively) and 2 died of unknown causes (22 and 25 weeks 

post-implantation respectively). EIS for the standard UEAs was only conducted through 24 

weeks however, as the prior study only reported data through 6 months. All 8 rats with a-SiC-

encapsulated UEAs reached the 30-week endpoint for both recordings and electrochemical 

measurements. Single animals were occasionally excluded from recordings or EIS on a week-to-

week basis if any adverse events were observed (e.g., reaction to anesthesia, minor inflammation, 

or bleeding). 

Figure 1A shows a sample recording from an anesthetized animal that has been filtered for 

both the spike (top) and LFP (bottom) frequencies. Traces are from the same channel over the 

same time interval. From these filtered data, power spectral analysis was performed to extract 

bandpower from each of the 16 electrode channels, as seen in Figure 1B. Analysis was 

conducted up to 300 Hz, but the plot focuses on the frequency range associated with the highest 

power which was below 25 Hz. Total bandpower was then averaged across all channels and 

animals for each array type over 30 weeks as seen in Figure 1C. Standard-UEA bandpower drops 

off sharply (-1.79 dB/week) within the first 5 weeks and then steadily decreases at a slower rate 
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(-0.19 dB/week) starting in Week 8. There was a bump in bandpower between 5 and 7 weeks 

that, while present to a lesser extent in most animals, was largely attributable to changes seen in 

two of the animals. This substantial increase in bandpower for the two animals did coincide with 

improved device performance, i.e. an increase in % active electrode yield (electrophysiological 

performance) and decrease in average impedance at 1 kHz (electrochemical performance) over 

that span. While a number of factors likely contributed to this increase, one reason may be due to 

a resolution of the acute immune response from surgery, allowing for a reduced tissue impedance 

and greater access to nearby neurons[48]. We observed a similar, but less pronounced, increase 

in bandpower for the a-SiC arrays from Week 4 to Week 5 as well. A-SiC-UEA bandpower on 

the other hand, did not exhibit a severe drop off within the first few weeks, but did substantially 

decrease to the magnitude of standard-UEA bandpower by week 30.    
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Figure 3.1. Local field potential acquisition and analysis. A) Representative filtered spike (top) and LFP (bottom) 

bands of continuous recordings from 1 electrode on a single device. Horizontal scale bar represents 5 s and the 

vertical scale bar represents 40 µV and 500 µV for the spike and LFP bands respectively. B) Example bandpower 

plot of a single recording session across all channels of a single device. C) Total bandpower (mean ± SEM) 

averaged across all channels for standard and a-SiC-encapsulated UEAs over the 30-week indwelling period. 

Bandpower was also examined within individual frequency bands over the course of the 

study in both anesthetized and freely-behaving rats. Figures 2A and 2B show time-frequency 

plots for standard UEAs while Figures 2C and 2D display those for a-SiC UEAs. Bandpower 

was averaged across all channels for each array type and recording condition. Time-frequency 

plots for anesthetized recordings indicate that a-SiC UEAs contain more power in all frequency 

ranges as compared to standard UEAs. As expected, the delta band exhibited the highest power 
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in anesthetized animals, as it is generally associated with low-oscillation sleep waves[49]. For 

both arrays, bandpower decreased over time. 

 
Figure 3.2. Time-frequency analysis across array types and recording conditions. Line plots of averaged bandpower 

within individual frequency bands of anesthetized animals with standard UEA implants (A) and a-SiC-encapsulated 

UEA implants (C). The different color lines indicate the different frequency ranges (delta, theta, alpha, beta, gamma 

1, gamma 2, gamma 3, broadband high frequency). Line plots of awake, freely-behaving animals with standard UEA 

implants (B) and a-SiC-encapsulated UEA implants (D) were plotted across monthly recordings as well. 

Awake time-frequency plots (Figures 2B and 2D) revealed more stability in bandpower 

over time as compared to anesthetized animals. It is unclear what exactly is causing the 

difference in bandpower stability between anesthetized and awake animals. In anesthetized 

animals, the delta frequency range contributes to the majority of the total bandpower while the 

higher frequency ranges contribute very little. Conversely, in awake animals, bandpower is more 

evenly distributed among the higher frequency ranges such as gamma, which is associated with 
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higher order processes. There may be some frequency-based thresholding that is attenuating 

lower frequencies based on a number of factors such as tissue encapsulation and the 

electrochemical environment, but further investigation into this phenomena would need to occur 

in order to support this claim. In comparing the two different array types, we also observed that 

a-SiC UEAs retained greater bandpower across all frequency ranges over time than did standard 

UEAs.  

LFP bandpower was also examined in comparison to SUA measurements as well as 

device electrochemical characterization. Bandpower across all electrodes and percent active 

electrode yield (Figure 3A), defined as the percentage of electrodes that recorded at least one 

single unit, were correlated over time for both standard (rs = 0.83, P < 0.001) and a-SiC UEAs (rs 

= 0.97, P < 0.001). A summary of the correlation analysis is provided in Table 1.  
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Figure 3.3. Bandpower in relation to active electrode yield for standard (left) and a-SiC (right) UEAs. B) Impedance 

magnitude at 1 kHz as compared to standard (left) and a-SiC (right) UEA bandpower. C) SNR for single-unit 

activity in relation to bandpower for standard (left) and a-SiC (right) UEAs. Standard (n=10) UEA bandpower is in 

blue, while a-SiC (n=8) bandpower can be seen in green. Error bars indicate SEM. Single-unit data has been adapted 

from Black et al[42]. 

 

Standard UEA average bandpower showed a significant, albeit weak correlation with 1 

kHz impedance (rs = 0.55, P < 0.05) while a-SiC UEAs did not (rs = -0.34, P > 0.05).  
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Table 3.1. Summary of correlation statistics 

Correlation Array    rs p-value 

Bandpower - % Active Standard 0.83 9.96e-09 

Bandpower - % Active a-SiC 0.97 1.22e-18 

Bandpower - Impedance Standard 0.55   5.90e-03 

Bandpower - Impedance a-SiC -0.34 7.07e-02 

Bandpower - SNR Standard 0.72 1.35e-05 

Bandpower - SNR a-SiC      0.81     1.16e-06 

This result was not entirely surprising, given that 1 kHz is generally the frequency at 

which action potentials (spikes) occur. To this point, we also examined the impedances at lower 

frequencies (3, 10, 31, 100 Hz) but did not observe a substantial change in low frequency 

impedance over time in either array. Figure 3C (left) also depicts similar trends in SNR 

compared to bandpower in standard UEAs. In a-SiC UEAs, SNR also decreased, but did not 

decline at a similar rate to bandpower. SNR was correlated to bandpower for both standard (rs = 

0.72, P < 0.001) and a-SiC (rs = 0.81, P < 0.001).  

Cathodal charge storage capacity (CSCc) was calculated from the time integral of CV 

data at slow and fast sweep rates. Slower sweep rates allow for greater access to conductive 

surfaces proximal to the electrode tip, while faster sweep rates better access conductive surface 

areas at the tip. By observing the changes in CSCc over time, we gain insight into the condition 

of the device encapsulation and performance. Figure 4 shows representative CV traces for both 

standard (Figure 4B) and a-SiC (Figure 4C) UEAs, as well as the average CSCc per week for 

slow and fast sweep rates in both array types over the course of the study. We observed a trend in 
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increasing CSCc for slow and fast sweep rates for both array types. Standard UEAs exhibited a 

higher CSCc baseline and sharper increase when compared to a-SiC UEAs at both sweep rates, 

indicating a greater rise in conductive surface area that may be caused by the formation of cracks 

or delamination of encapsulation material. 
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Figure 3.4. Cyclic voltammetry (CV) results at slow and fast sweep rates. A) Cathodal charge storage capacity 

(CSCc) for standard and a-SiC UEAs at slow (50 mV/s) and fast (50 V/s) sweep rates. B) Representative CV traces 

at different time points for standard UEAs C) Representative CV traces for a-SiC UEAs at varying time intervals. 
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To further characterize device performance, we captured SEM and optical images of 

explanted arrays. Figure 5 shows representative images of different array and histological 

outcomes. We observed a wide range of SIROF delamination in both arrays that can be seen in 

the SEM image in Figure 5A, whereas Figure 5C shows an array with shanks, SIROF, and a-SiC 

encapsulation that remained largely intact. Figures 5B and 5D demonstrate the extremes of 

fibrotic encapsulation that we observed, ranging from minimal to substantial device 

encapsulation respectively. These findings, in combination with in vivo EIS, CV, suggests that 

the decline in electrophysiological performance was at least partially the result of degrading 

insulating material, changing impedance, and tissue response.  

 

Figure 3.5. SEM and optical imaging of explanted arrays after 30 weeks in vivo. A) Representative image of an a-

SiC UEA shank tip exhibiting SIROF delamination from the Ti substrate. B and D) Representative images of two 

fibrotic encapsulation outcomes: no encapsulation (B) and substantial encapsulation (D). C) Representative SEM 

image of an a-SiC UEA with shanks, SIROF, and a-SiC encapsulation remaining intact. 
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3.1.4 Discussion 

To date, there have been a limited number of studies that investigated the performance of 

UEAs in rat motor cortex[16], [30], [31], [42], none of which evaluated LFP stability. In this 

study, we report the stability of LFPs in the rat motor cortex from UEAs encapsulated with either 

Parylene-C or amorphous silicon carbide. In Parylene-C-encapsulated UEAs, we observed a 

sharp decrease in total bandpower within the first 4 weeks, likely coinciding with neuronal death 

and dieback associated with acute injury resulting from the implantation of the devices[30]. The 

impedance at higher frequencies was relatively stable throughout the first 20 weeks, suggesting a 

consistent electrochemical interface for recording neuronal activity. A-SiC UEAs, on the other 

hand, while starting at a significantly higher bandpower (from week 1), steadily declined and 

converged to the same level as the Parylene-C-encapsulated UEAs. The difference between the 

two array types in bandpower magnitude may be attributed to a difference in electrode surface 

area as a result of SIROF coating, with a-SiC UEAs having on average a surface area 

approximately 8 times greater[16]. An increased surface area would allow for a larger volume of 

tissue to be accessed for recordings, as well as produce a lower impedance at higher frequencies 

as we observed. In the lower frequency range, the a-SiC UEA impedance magnitude was on the 

same order as the standard UEA, and equally stable over time, leading to the conclusion that the 

lower frequency impedance spectra may not be indicative of LFP performance.  

Bandpower in both array types decreased at a similar rate to active electrode yield and 

total number of units, which is not entirely consistent with prior observations when comparing 

LFP to SUA[9], [50]. One might expect that the loss of a small number of units (single neurons) 

would not have a marked effect on LFPs, which are the sum of activity from a population of 



 

80 

neurons. The fact that the trends seen in active electrode yield and total number of units were 

similar may suggest that the decline in LFP bandpower was, at least in part, due to failure related 

to the degradation of the device. As observed in our previous studies, gross histological 

outcomes were somewhat inconclusive and did not reveal any clear correspondence between 

glial/fibrotic tissue encapsulation and the ability to resolve single units[16], [42]. Some arrays 

did experience cable and connector failures, to which we could attribute the abrupt loss of 

recording capability. However, the extent to which evolving degradation of electrode 

encapsulation, or the occurrence of parasitic pathways between conductors and the physiological 

environment, resulted in a slow compromise in recording capability could not be separated from 

effects of the tissue response. Electrochemical analysis showed that cathodal charge storage 

capacity did in fact increase in both array types[16], [42], indicating there may have been 

increased access to conductive pathways to tissue that could make distinguishing neuronal 

signals from noise more difficult.  

While total bandpower did decrease significantly over time in anesthetized animals, there 

was a less pronounced reduction in the bandpower from freely-behaving animals, particularly in 

a-SiC UEAs. This relative stability within frequency bands in awake animals may provide useful 

input signals for neuroprosthetic control, as there may not be a lower threshold of bandpower 

that precludes motor decoding. While comprehensive analysis through systematic motor task and 

decoding implementation is necessary to investigate this claim, when decoding with single units, 

an increased number of units should increase decoding resolution. Similarly, increased 

bandpower allows for a greater dynamic range in which different tasks are able to be 

distinguished and decoded. Wang et al[9] demonstrated consistent accuracy in decoding while 
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reporting some degree of decline in LFP bandpower. Moreover, additional studies in non-human 

primates have shown differential contributions to motor decoding accuracy from the individual 

frequency bands, with low frequency bands encoding greater information about movement 

direction[24], [43], and higher frequencies encoding more information about movement 

kinematics such as position, velocity, and grasp[23], [24], [43], [51]. Furthermore, Flint et al[21] 

illustrated that even after a channel failed to record SUA, the LFPs acquired from that same 

channel were still able to decode reaching movements accurately. Consistent with those findings, 

we also observed a persistence in LFP activity on channels that were no longer recording SUA. 

Altogether, our results in awake rats demonstrate LFP stability within individual frequency 

bands that is consistent with that seen in non-human primate literature, suggesting that UEAs 

implanted in the rat motor cortex may provide a viable means of investigating motor decoding 

behavioral paradigms and algorithms that could translate to larger animal models.  

Future studies will focus on using probes of varying material composition and geometry 

to investigate their effects on recording and decoding stability. While conventional UEAs are the 

gold standard in non-human primate studies, evidence suggests there may be laminar differences 

in movement-encoding spike and LFP activity[26], [50], [52]–[54], necessitating the exploration 

of alternative devices and strategies because standard UEAs are restricted to a single recording 

depth per shank on multi-shank arrays. Further investigating the cortical depth of recorded 

activity and how we optimize LFP and SUA neuronal inputs for neuroprosthetic control will 

provide invaluable insight towards achieving stable, chronic, and accurate motor decoding.  
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3.2 Part 2  

3.2.1 Introduction 

Intracortical recording probe technology has shown promise in advancing both the 

medical and neuroscience communities. Current state-of-the-art intracortical microelectrode 

arrays (MEAs) can record useful single unit activity (SUA) from individual neurons for cortical 

mapping as well as for control of brain-machine interfaces (BMI) to help restore lost motor 

functionality[1]–[3]. While these devices have demonstrated an ability to positively impact 

neurorehabilitative efforts, commercially-available arrays can suffer from limited long-term 

reliability, such that the ability to resolve biopotentials deteriorates shortly after implantation, 

limiting the widespread clinical implementation of this technology. 

Numerous factors have been attributed to this decline in functionality. Abiotic 

mechanisms such as mechanical breakages at both the connector and shank, as well as insulation 

degradation have been commonly reported as acute and chronic failure modes respectively [4], 

[5]. Biotic failures likely stem from an adverse tissue reaction to the implant, inducing a foreign 

body response that isolates healthy neurons from recording sites through glial sheathing and 

neurotoxic measures [6]–[10]. Additionally, the extent of this foreign body response is likely 

associated with the size or surface area of the implanted MEA [11], [12]. Because commercially-

available MEAs are often relatively large, especially in relation to the size of the brain in animals 

used for preclinical studies, this immune response may be even more exaggerated.  

Amorphous silicon carbide (a-SiC) has been previously demonstrated as a useful material 

for neural interfaces because it is well tolerated in the cortex, resistant to corrosion, and exhibits 
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flexibility as a thin film [13]–[16]. Our group has recently shown that a-SiC offers advantages as 

both the insulating material [17], [18] for chronic recordings as well as the substrate for acute 

measurements [13]. Using thin-film photolithographic techniques, we were able to reproducibly 

fabricate a-SiC arrays of ultrathin shank dimensions that could reliably record neuronal activity 

in the basal ganglia of Zebra Finches and motor cortex of rats under acute conditions.  

In this study, we extend our previous work to demonstrate the chronic functionality of 

ultrathin a-SiC arrays in rat motor cortex. Here, we fabricate and implant multishank, 16-channel 

arrays and record SUA over a 16-week duration. Additionally, we conduct electrochemical 

measurements to characterize the electrode stability. Furthermore, we perform 

immunohistochemistry to assess the tissue response to the implant. Overall, we observe that a-

SiC MEAs provide a stable, and highly functional neural interface for chronic use. 

 

3.2.2 Materials and Methods 

Devices 

Amorphous silicon carbide (a-SiC) probes were fabricated at The University of Texas at 

Dallas cleanroom facility using typical semiconductor fabrication techniques. To begin, prime 

grade, 100 mm diameter silicon wafers (Silicon Valley Microelectronics, Inc., USA) were first 

coated in a thin, 1 µm layer of polyimide (PI 2610, HD Microsystems, USA) and cured under 

nitrogen gas at 350 °C for one hour to serve as a sacrificial release layer. The first two layers of 6 

µm a-SiC were deposited using plasma enhanced chemical vapor deposition at a temperature of 

350 °C, 1000 mtorr, and 270 W RF power with 164 sccm Ar, 36 sccm CH4, and 600 sccm 2% 

SiH4 / 98% Ar to serve as the reactive gases in the plasma. The 6 µm-thick stack was built over 
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two identical timed 3 µm thick depositions. A metallization layer composed of Ti/Au/Ti (30 nm 

/150 nm/ 30 nm) was deposited via e-beam evaporation (CHA Industries, USA). To complete the 

stack, the final 2 µm-thick a-SiC layer was deposited using the same parameters as the first two 

layers, with time adjusted to reduce thickness. Vias for the electrodes and contact pads for the 

bonding to a connector were opened using an inductively coiled plasma (ICP) etcher 

(PlasmaTherm, USA) with SF6 and O2 reactive gases. The vias were patterned to have a small 

2x5 µm2 opening while the bond pads had a larger 200x100 µm2 opening. Sputtered iridium 

oxide films (SIROF), patterned to be 200 µm2 disk electrodes over the via openings, were used 

to reduce electrode impedance. SIROF was deposited using DC magnetron sputtering as 

described by Maeng et al. [19]. Finally, cleanroom fabrication of devices was completed by 

singulation out of the stack using the same ICP technique to open vias and bond pads. Wafers 

were soaked in DI water at 87 °C to release the completed devices from the wafer by hydrating 

the PI sacrificial layer. After devices were released, connectors (Omnetics Connector 

Corporation, USA) and stainless steel reference and ground wires were attached via soldering. 

Lastly, the bond pad area was coated in a medical epoxy (EA M-121HP, Henkel Loctite, 

Germany) to encapsulate the device. Custom Neuronexus arrays (A4x4-2mm-200-200-200-

CM16LP, Neuronexus, USA) with the same dimensions, outside of a 42 µm wide x 15 µm thick 

cross section, served as controls.  

 

Surgical Implantation 

All procedures were approved by The University of Texas at Dallas Institutional Animal 

Care and Use Committee. Initial anesthesia was induced using 2-3% isoflurane mixed with 100% 
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oxygen. After deepness of anesthesia was confirmed with tail and toe pinches, adult female 

Sprague Dawley rats were given an intraperitoneal injection of a ketamine (65 mg/ml), xylazine 

(13.3 mg/ml), acepromazine (1.5 mg/ml) cocktail. Afterwards, rats were transferred to a 

stereotactic frame that was supplied with up to 2% isoflurane mixed with 100% oxygen. A 

midline incision on the scalp was performed and tissue resected to expose the skull. Bone screws 

were inserted adjacent to the site of implantation, and a ~2x2mm craniotomy and durotomy was 

performed over the forepaw representation in the left motor cortex (2 mm anterior from bregma 

and 2 mm lateral from the midline). Ground and reference wires were wrapped around the bone 

screws, and devices were implanted with the NeuralGlider Cortical Neural Implant Inserter 

(Actuated Medical, Inc., USA), which supplied axial vibration in the plane of insertion to help 

reduce dimpling of the brain surface and buckling of the shanks. Arrays were inserted at a speed 

of 20 µm/s to a depth of ~1.5 mm with vibrational power of 0.5-1.5 W. After implantation, a 

collagen dural graft was used to replace the resected dura, and a topical adhesive applied to cover 

the craniotomy. Finally, dental cement was used to form a headcap that completely encapsulated 

the device, bone screws, and exposed skull. 

 

Neuronal Recordings 

Neuronal recordings were performed immediately after implantation and weekly 

thereafter on anesthetized rats for 10 min. Wideband data (0.1-7000 Hz) were collected at a 40 

kHz sampling frequency using a Plexon Acquisition system (Omniplex, Plexon, Inc., USA). To 

discriminate single units, data were first filtered using a high pass Butterworth filter with a cutoff 

frequency of 250 Hz. Next, a -4σ threshold from the root mean square (RMS) noise of the 
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filtered signal was used to extract potential electrophysiological waveforms. Single units were 

then manually discriminated based on separation in principal component space. Signal-to-noise 

ratio (SNR) was calculated by divided the peak-to-peak voltage (Vpp) by the RMS noise while 

working electrode yield (WEY) was calculated as the percentage of channels that were 

functional that recorded single unit activity (SUA).  

 

Figure 3.6. Neuronal data acquisition. A) Optical image of an amorphous silicon carbide array during surgical 

implantation. B) Representative multiunit activity recorded on a single channel from an ultrathin array. C) 

Schematic of an anesthetized rat being recorded by the Plexon head stage (black device on rodent skull with white 

cable). 
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Electrochemical Measurements 

To better characterize electrode performance and identify potential failure mechanisms in 

vivo, electrochemical measurements were carried out weekly following neuronal recordings. 

Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) measurements 

were taken using a Gamry Reference 600 potentiostat (Gamry Instruments, USA) in a three-

electrode configuration with Pt counter and Ag|AgCl reference electrodes. EIS was acquired 

using a sinusoidal 10-mV RMS signal over a frequency range of 1 Hz to 100 kHz at 10 points 

per decade. CV measurements (current versus potential) were collected at slower (50 mV/s) and 

faster (50,000 mV/s) sweep rates between potential limits of -0.6 V and 0.8 V versus Ag|AgCl. 

Cathodal charge storage capacity (CSCc) was calculated from the integral of cathodal current as 

an estimate of charge available for stimulation as well as tissue encapsulation and leakage 

pathways. Functional channels were confirmed as having a 1 kHz impedance magnitude of less 

than 3 MΩ and slow cathodal CSC of greater than 0.5 mC/cm2. 

 

Histology 

Rats were euthanized using a 200 mg/kg intraperitoneal injection of sodium 

pentobarbital. Upon confirmation of unconsciousness, rats were transcardially perfused with 

phosphate buffered saline (PBS) followed by 4% paraformaldehyde (PFA). Whole brains were 

extracted and submerged in PFA for at least 24 hours. Afterwards, brains were placed in 4% 

agarose solution (m/V) and sectioned using a vibratome (VT 1000S, Leica, Germany) into 100 

µm thick slices which were stored in PBS with 0.1% (w/v) sodium azide at 4° until staining. 

For staining, slices were blocked in 4% (v/v) normal goat serum with 0.3% (v/v) Triton X-100 in 

PBS with 0.1% sodium azide for 1 hour. Slices were then incubated overnight at 4° C with 
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primary antibody solutions (buffered solution with 3% (v/v) Triton X-100 in PBS) targeting 

neuronal nuclei (NeuN) and astrocytes (glial fibrillary acidic protein (GFAP)). Following 

overnight incubation, slices were washed and incubated with blocking solution containing goat 

anti-chicken IgY (Alexa Fluor 647), goat anti-rabbit IgG (Alexa Fluor 555) (1:4000 dilution), 

and DAPI (0.6 µM), and mounted on glass slides with Fluoromount mounting medium. 

After staining, slices were imaged using a confocal microscope (Nikon Ti eclipse+air, Nikon 

Instruments Inc., Japan) and collected at 2048x2048 transverse resolution using a 10x objective. 

Z-stack images were then collapsed to a single maximum intensity projection image. 

 

Statistical Analysis 

Statistical tests were performed in OriginPro (Origin Labs, USA). A 2-sample test of 

proportions at a 0.05 significance level was used to determine differences in the total working 

electrode yield across electrodes between a-SiC and Neuronexus arrays. This test served to 

eliminate large changes in variance associated with minor week-to-week changes within animals 

for a small number of subjects. A 2-sample t-test at a 0.05 significance level was used to 

examine differences in the noise between the two types of arrays. Because noise values were 

available on virtually all channels each week (n>30), normality could be assumed. A Mann 

Whitney test was employed to determine significant differences in SNR. This nonparametric test 

was chosen because normality could not be assumed given the relatively small number of 

contributing data points each week (n<20).     
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3.2.3 Results 

To observe the impact of device size on chronic MEA performance, we implanted rats 

with either ultrathin a-SiC or larger NNX arrays. Despite their smaller dimensions, a-SiC arrays 

were able to be easily inserted into rat motor cortex with minimal buckling and reported an acute 

WEY of approximately 95% (Week 0, Figure 3.8A). After implantation however, several a-SiC 

arrays began exhibiting signs of electrode site failure characterized by 1 kHz impedance 

magnitudes greater than 3 MΩ and CV curve signatures that reflected the presence of gold, 

rather than the SIROF on the surface of the electrodes, indicating that breakages were occurring 

and exposing the gold traces. Ex vivo optical imaging revealed that shanks were indeed 

becoming fractured at the surface of the brain (Figure 3.7), specifically at the juncture between 

the topical silicone adhesive and brain tissue. We hypothesize that this is likely a result of shear 

forces concentrated at the exposed shank from both the rat’s general motion (micromovements of 

the brain against a fixed, ultrathin shank) and the rat actively scratching at the headcap in which 

the device is encapsulated. Because of this unexpected failure mode, we attempted to improve 

device robustness by adding an additional 2 µm of a-SiC insulation. These slightly thicker arrays 

(8 µm) were again easily inserted with a 100% acute WEY and data collection is ongoing, 

however, chronic data reported here only reflect n=2 for the 6 µm-thick a-SiC arrays and n=7 for 

NNX arrays.  
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Figure 3.7. Mechanical device failure. Optical image showing a potential device mechanism failure towards the base 

of the shanks. Yellow dashed ellipse indicates the junction between the topical adhesive and brain surface where 

fractures are likely occurring. 

 

For chronically implanted devices, we observed a steep decrease in the amount of activity 

recorded within the first 4 weeks post-implantation by NNX arrays (Figure 3.8A-B). After this 

initial decline, NNX continued to record relatively low levels of activity for the remainder of the 

indwelling period. Conversely, a-SiC arrays exhibited a WEY of approximately 90% through the 

first 8 weeks of implantation, significantly outperforming the larger NNX arrays. This yield 

began to slowly drop though, largely due to failures of one (out of two) a-SiC device, as 

evidenced by the increasing error margins towards the end of the 16-week duration. At Week 8, 
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a-SiC Device 1 experienced a 50% channel failure, likely due to rat interference with the 

headcap, but was still able to record SUA, albeit at declining rate. Device 2 however, maintained 

a WEY that was above 80% for the duration of the study, suggesting that ultrathin a-SiC arrays 

may offer a means to achieve chronically stable neuronal recordings. Ultrathin arrays also 

exhibited higher SNR throughout the study duration, particularly within the first 8 weeks post-

implantation despite having significantly higher noise levels. 

 

Figure 3.8. Electrophysiological measurements. Plots of working electrode yield (A), number of units (B), noise (C), 

and signal-to-noise ratio (D) of amorphous silicon carbide (black square) and Neuronexus (blue circle) arrays. Data 

presented as mean ± SEM. * indicates p < 0.05. *** indicates p < 0.001.  
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To characterize electrode stability, EIS and CV were measured throughout the study 

duration. Figure 3.9 shows that despite the difference between the two in magnitude, both a-SiC 

and NNX arrays exhibited relatively stable impedance values during the 16-week indwelling 

period. A-SiC arrays did experience a noticeable increase in magnitude after Week 8, but still 

remained within a reasonable range for recording SUA.  

 

Figure 3.9. Electrochemical impedance spectroscopy. Impedance magnitude of amorphous silicon carbide (black 

square) and Neuronexus (blue circle) arrays. Data presented at mean ± SEM. 

 

Similarly, a-SiC probes exhibited stability in terms of CSCc, indicating that the ultrathin 

arrays were largely devoid of leakage pathways (Figure 3.10). This was not observed with NNX 
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arrays, however. At the slower CV sweep rate, NNX CSCc increased drastically after Week 5 by 

more than an order of magnitude (Figure 3.10A). Given the small surface area of the 

microelectrodes though, it is unlikely that this CSCc was a true measurement of the activated 

iridium oxide film on the surface of the electrode, but rather a reflection of highly resistive 

leakage pathways along the shank or at the bonding sites of the shanks to the device’s printed 

circuit board. This notion is further supported by the relatively stable CSCc at the faster sweep 

rate (Figure 3.10B) that would access conductive pathways towards the surface of the electrode, 

as well as the consistent impedance magnitudes observed throughout the study duration. 

 

Figure 3.10. Cyclic voltammetry measurements. Plots of cathodal charge storage capacity at slow (A) and fast (B) 

sweep rates. Amorphous silicon carbide arrays are shown in black, while Neuronexus arrays are shown in blue. Data 

presented as mean ± SEM. 

 

For qualitative histology, tissue slices near the depths of implanted electrodes were 

stained for neuronal nuclei (NeuN) and astrocytes (GFAP) to assess the foreign body response 

induced by the indwelling probe. Figure 3.11 shows that NNX (control) arrays exhibited a 

somewhat more profound response compared to a-SiC arrays as evidenced by the slightly 

increased astrocytic staining intensity and reduced neuronal density surrounding the shanks. A-
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SiC arrays elicited, at best, a marginal tissue response as indicated by the lack of concentrated 

activated astrocytes and abundance of neurons proximal to the implant site. 

 

Figure 3.11. Immunohistochemistry. Images of brain tissue slices at a depth of ~1000 µm stained for astrocytes 

(GFAP), neuronal nuclei (NeuN), cellular bodies (DAPI), and a composite image where all stains are overlayed. 

White asterisks indicate the presumptive position of the shanks. Scale bar = 100 µm. 

 

3.2.4 Discussion 

Significant effort has been made to improve the chronic reliability and performance of 

intracortical MEAs by circumventing the induced foreign body response. Strategies ranging from 

novel materials and coatings [20]–[23], to alternative designs and integrated technology [24]–

[27] have shown varying degrees of promise, but long-term device functionality still remains a 

challenge. Here, we demonstrate the chronic performance of ultrathin a-SiC MEAs whose cross-

sectional dimensions are similar in size to the soma of cortical neurons [28]. We observed 
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consistently high levels of recorded SUA from a-SiC arrays compared to larger NNX devices in 

terms of both the number of active channels and units. Additionally, this activity was recorded 

with better SNR and consistent noise floor as well. In comparison to similarly sized carbon fiber 

MEAs [29]–[31], or arrays that required additional shuttle devices [32], our devices were able to 

record SUA with a WEY on par with, or greater than, those reported. Additionally, the relatively 

consistent 1 kHz impedance magnitude and CSC suggests that a-SiC did not delaminate or 

develop leakage pathways in vivo, indicating that these arrays could provide a stable platform for 

delivering current. Furthermore, and of important note, a-SiC arrays did not elicit any 

discernable foreign body response after a 16-week indwelling period, implying that a 

biologically stable environment was maintained in the presence of the ultrathin arrays. 

Because NNX arrays did not display similar trends in SUA stability or histological 

outcomes, it is likely that size plays a major role in device functional longevity. This is not 

surprising though, as increasing amounts of literature have demonstrated differential 

immunohistological responses based on size/surface area and the role that factors such as blood 

brain barrier (BBB) leakage may play in device performance [11], [33]–[36]. Given their size, 

and based on preliminary histology (Figure 3.11), a-SiC arrays likely caused minimal damage to 

the BBB, avoiding astrocytic and microglial recruitment often associated with decreased 

neuronal density around the implant site, as evidenced by the NeuN staining for the control 

group in Figure 3.11. Despite this decreased density around NNX arrays however, NeuN staining 

also revealed the presence of neurons near the site of implantation. Interestingly, Figure 3.8A 

shows that almost no activity was recorded after Week 8 though, indicating that another 

mechanism may be partially responsible for the lack of recorded activity.  
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There is a mixture of inhibitory and excitatory neurons that is not evenly distributed 

within the cortex. Anatomical studies have shown that there is a concentration of inhibitory 

neurons located in layer V/VIA which is our site of electrode implantation [37], [38]. 

Furthermore, it has been reported in studies investing traumatic brain injury that there is a 

GABA-mediated inhibitory response of neurons to mechanical perturbation such as stretch 

injuries [39]–[41]. Moreover, there are a class of pressure sensitive ion channels, Piezo1 and 

Piezo2, that are reported to be present in certain neurons within the central nervous system, and 

whose expression becomes upregulated under stressful conditions such as brain ischemia and 

injury which disrupts normal neuronal function and/or survival [42], [43]. Taken together, the 

mechanical sensitivity of cortical neurons may play a role in the drastically different yields 

between a-SiC and NNX arrays. Because a-SiC arrays are much thinner, and therefore 

substantially more flexible, they may induce less of a mechanical perturbance on surrounding 

tissue, thereby reducing both GABA-mediated inhibition as well as neuronal malfunction from 

overexpression of pressure sensitive ion channels. Future studies will be needed however to 

systematically investigate the role of mechanosensation in neuronal activity.      

 

3.2.5 Conclusion 

In this study, we demonstrated the chronic performance of ultrathin a-SiC arrays 

implanted in the rat cortex. Devices consistently recorded high levels SUA, while preliminary 

histology indicated an almost complete absence of a foreign body response. Arrays were also 

electrochemically stable over the 16-week indwelling period, indicating that ultrathin a-SiC 

arrays may serve as a chronically stable and highly functional neural interface. 
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Abstract 

Neural interfaces are devices that facilitate interaction with the nervous system and are 

instrumental in expanding our comprehension of its underlying physiology. Intracortical 

microelectrode arrays (MEAs) are a specific class of neural interface that enable the recording of 

activity from individual neurons and serve as a vital component of the brain-machine interface 

control loop for restoring lost sensory and motor functionality. While these devices show 

promise in aiding neurorehabilitative efforts, their widespread clinical utility is limited by their 

lack of chronic reliability. Acute MEA failures are typically a result of mechanical breakages, 

whereas a steady decline in performance is often attributed to material degradation and a 

persistent foreign body response stemming from continued blood brain barrier disruption and 

micromotion-induced trauma. This can lead to an accumulation of reactive oxygen species 

(ROS), which may cause corrosion at the electrode surface and harm to nearby neurons, thus 

prompting the need for strategies to minimize this buildup. In this study, we demonstrate the use 

of a superoxide dismutase mimetic coating to reduce ROS associated with silicon probe 

implantation. We observe that our coating may acute therapeutic benefits and do not affect the 
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electrochemical stability of devices in vivo. Our results provide a baseline for future studies that 

will focus on enhancing the therapeutic benefits under chronic conditions.    

4.1 Introduction 

Neural interfaces help establish communication with the body’s nervous system, often 

utilizing biopotentials to further our understanding of physiological processes at the cellular and 

system level for basic neuroscience, as well as facilitate neurorehabilitative efforts as a brain 

machine interface (BMI) [1]–[6]. For BMI applications such as the restoration of lost sensory 

and motor functionality, which may require specificity during signal acquisition, intracortical 

microelectrode arrays (MEAs) often serve as the interface of choice due to their ability to resolve 

single unit activity (SUA), i.e., the collection of action potentials originating from an individual 

neuron [7]–[10]. While this technology offers promise in improving patient outcomes following 

injury or neurodegenerative disease progression, widespread clinical implementation is limited 

due to a lack of chronic reliability. 

While numerous mechanisms may contribute to the decline in array performance, abiotic 

failures associated with mechanical or material malfunctions, and biotic failures related to an 

immune response are often the most widely reported [11]–[13]. Mechanical failures typically 

arise from either connector issues or fracturing of shanks, while delamination of electrode and 

encapsulation material comprise the other commonly observed abiotic mechanisms of failure 

[13]–[16]. The biotic aspects of performance deterioration are typically attributed to the foreign 

body response that occurs following probe insertion [11], [17]–[21]. Because conventional 

MEAs utilize needle-like extensions to house electrodes, their implantation severs vasculature, 

extracellular matrix, and cellular processes, inciting an acute inflammatory response 
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characterized by the recruitment of macrophages and activated glial cells. This response will 

persist in the presence of chronically indwelling probes, however, and the continued disruption 

to the blood brain barrier (BBB) can lead to long-term oxidative stress. The accumulation of 

reactive oxygen species (ROS) around the site of implantation can cause degradative effects 

including the corrosion of electrode surfaces, facilitation of BBB damage, and harm to nearby 

neurons [20]–[22]. Therefore, to fully realize the potential of intracortical MEAs, these 

degradative effects should be minimized. 

In this study, we evaluate the use of Mn(III)tetrakis(4-benzoic acid)porphyrin 

(MnTBAP), a synthetic superoxide dismutase (SOD) mimetic enzyme, in improving the 

recording capabilities of intracortical MEAs. Previous studies have shown the efficacy of using 

SOD mimetics to reduce ROS formation [23]–[25], while our group has previously demonstrated 

that MnTBAP can be immobilized (for sustained therapeutic benefit) onto silicon substrates 

through nontrivial chemical surface modification for ROS mitigation in vitro [26]. Because 

oxidative stress can be mediated by either damage-associated molecular pattern (DAMP) or 

pathogen-associated molecular pattern (PAMP) pathways [27], strategies to reduce the DAMP-

mediated oxidative stress associated with probe implantation may prove useful. To this end, we 

developed a MnTBAP-based antioxidant coating for use with silicon planar arrays. We 

implanted these coated arrays into the rat cortex and measured electrophysiological and 

electrochemical performance over 6 weeks.  Our preliminary results suggest that the antioxidant 

coating may offer benefit for neuronal recordings and may help inform future studies aiming to 

improve upon this strategy.          
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4.2 Materials and Methods 

4.2.1 Antioxidant Coated Devices 

Coating of arrays was performed similar to procedures outlined by Potter-Baker et al. 

[26]. The SOD mimetic MnTBAP was covalently immobilized onto silicon arrays (A1x16-3mm-

100-177-CM16LP, Neuronexus, USA) by first functionalizing the surface with APTES ((3-

aminopropyl)triethoxysilane) followed by EDC (1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide) and stabilized with sulfo-NHS (N-

hydroxysulfosuccinimide). Chemical vapor deposition of APTES was used to achieve a thin 

layer as well as eliminate potential harmful solvents. The presence and thickness of APTES 

layers were measured using ellipsometry while elemental composition of APTES was confirmed 

through X-ray photoelectron spectroscopy (XPS). APTES modified probes were then incubated 

in functionalized MnTBAP for 22-24 h and sterilized using ethylene oxide.  

 

4.2.2 Surgical Implantation 

Minimal surgical drugs were administered to avoid any potential confounding effects on 

the formation of ROS. Rats were anesthetized using 2-3% isoflurane mixed with 100% oxygen. 

After tail and toe pinches were used to confirm deepness of anesthesia, rat scalps were shaved 

and subsequently cleaned using alternating rounds of iodine and ethanol. Rats were then 

transferred to a stereotactic frame supplied with 1-2% isoflurane mixed with 100% oxygen. After 

local administration of lidocaine, a midline incision was made along the scalp and tissue resected 

until the skull was exposed. Bone screws were inserted adjacent to site of implantation and a 
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craniotomy was performed above the left motor cortex. After dura resection, stainless steel 

ground and reference wires were wrapped around the bone screws and coated (n=5) and 

uncoated (n=5) probes were implanted at a speed of 20 µm/s to a depth of ~1.7 mm. A collagen-

based dural graft was used to cover exposed brain tissue and a topical adhesive was applied to 

seal the craniotomy. Dental cement was then used to fully encapsulate the device and skull. The 

initial midline incision was closed using surgical staples, and post-surgical injections of 

buprenorphine, cefazolin, and sterile phosphate buffered saline were administered. 

4.2.3 Electrophysiological Recordings 

10-minute anesthetized recordings were taken weekly at a sampling rate of 40 kHz and 

frequency range of 0.1-7000 Hz using Plexon’s data acquisition system (Omniplex, Plexon, Inc., 

USA). Data were then analyzed using Plexon’s post-processing software (Offline Sorter, Plexon, 

Inc., USA) and custom MATLAB scripts (Mathworks, USA) as previously described [28]. 

Briefly, wideband data were filtered using a 4-pole, high pass, Butterworth filter with a cutoff 

frequency of 250 Hz. Then, waveforms were extracted using a -4σ threshold from the root mean 

square (RMS) noise and single units were manually discriminated based on principal component 

analysis. Signal-to-noise ratio (SNR) was calculated by dividing the peak-to-peak voltage (Vpp) 

by the RMS noise. Active electrode yield (AEY) was calculated as the percentage of electrodes 

that recorded at least one single unit. 
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4.2.4 Electrochemical Measurements 

Weekly electrochemical impedance spectroscopy (EIS) was carried out using a CH 

Instruments 604e series Electrochemical Analyzer/Workstation (CH Instruments Inc., USA). A 

10 mV sinusoidal wave was applied between frequencies of 1 to 105 Hz versus stainless steel 

counter and reference electrodes and signals were acquired at 3 points per decade. Custom 

MATLAB scripts were used to extract 1 kHz impedance magnitudes.    

 

4.2.5 Statistical Analysis 

Statistical tests were performed in OriginPro (Origin Labs, USA). A single-tiered 

Grubb’s Test at a 0.05 significance level was used to identify and remove outliers when 

applicable. A 2-sample test of proportions at a significance level of 0.05 was used at individual 

time points to determine differences in SUA between coated and uncoated probes. For this test, 

the total number of active electrodes across coated probes were compared to the total number for 

uncoated probes at each week.    

 

4.3 Results 

To test the hypothesis that using antioxidants to mitigate the accumulation of ROS near 

the site of probe implantation would improve metrics of neuronal recordings, a SOD mimetic 

antioxidative coating (MnTBAP) was applied to silicon probes and implanted in the rat motor 

cortex. Figure 4.1A shows probes coated with MnTBAP experienced a significant improvement 

in AEY after two weeks post-implantation (n=80 total electrodes for each group) and maintained 
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a higher AEY at Weeks 4 and 5 (n=48 total electrodes for coated probes, n=32 for uncoated) 

compared to uncoated devices, eventually converging to the same magnitude at Week 6. Noise 

levels (Figure 4.1B) and SNR (Figure 4.1C) were nearly identical between coated and uncoated 

probes, suggesting that while MnTBAP may play a role in increasing the amount of neuronal 

activity available for recording (as evidenced by a higher AEY), it did not necessarily improve 

the quality of recordings.  

 

Figure 4.1. Electrophysiological performance. Plots of active electrode yield (A), noise (B), and signal-to-noise ratio 

(C) of coated (blue circle) and uncoated (black square) probes. Data presented as mean ± SEM. * indicates p < 0.05, 

** indicates p < 0.01, *** indicates p < 0.001. 

 

The electrochemical stability of probes coated with MnTBAP was also evaluated to better 

characterize changes in recording performance and identify potential failure mechanisms in vivo. 

1 kHz impedance magnitude extracted from EIS measurements indicate that both coated and 

uncoated probes remained electrochemically stable throughout the indwelling period (Figure 

4.2). 
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Figure 4.2. Electrochemical impedance spectroscopy performance. Impedance magnitude at 1 kHz for coated (blue 

circle) and uncoated (black square) probes. Data presented as mean ± SEM. 

 

4.4 Discussion 

Strategies to improve the chronic functionality and reliability of intracortical MEAs have 

largely focused on the mitigation of the foreign body response by enhancing the mechanical 

robustness  [29]–[35] and incorporating biocompatible and bioactive materials [36]–[43]. While 

these strategies have had varying degrees of success, long-term reliability of MEA performance 

still remains a challenge. The continuous disruption to the BBB as well as micromotion-related 
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trauma caused by indwelling probes results in a persistent immune response that can lead to 

pronounced oxidative stress and the accumulation of ROS. Therefore, our strategy focused on 

using an immobilized SOD mimetic to provide sustained antioxidative activity. Our results 

indicate that the MnTBAP-based coating may provide acute benefits for neuronal recordings. 

AEY from coated probes nearly doubled within the first two weeks compared to uncoated 

devices and sustained a higher level of recorded activity through 5 weeks, showing statistically 

significant improvements at Weeks 2, 4, and 5. Coated probe SUA did eventually reduce to 

negligible levels though, matching trends observed with uncoated probes. Because both sets of 

probes experienced this reduction in activity, there may have been reduced neuroprotection 

resulting from a loss of the antioxidative coating. Additionally, a non-ROS-related mechanism 

may have been at least partially responsible for the consistent reduction in activity over time. 

Golabchi et al. reported a similar decline of neuronal activity for electrodes implanted to depths 

comparable to ours, and demonstrated that coating devices with neuroadhesive protein L1 

essentially eliminated this depth-dependent decay via improved neuronal density and reduced 

glial activation around the device [39]. Similarly, because the most profound improvements were 

observed at Week 2, our coating may have helped to reduce the ROS accumulation caused by 

edema and hemorrhagic activity resulting from initial probe implantation, thereby increasing 

proximal neuronal density. As the acute wound healing phase resolved however, the antioxidant 

coating may have had a less pronounced effect, resulting in recorded neuronal activity 

comparable to untreated probes. Ongoing ex vivo imaging will assess the potential loss of 

coating, while immunohistochemical processing is currently underway to help evaluate the 

coating’s impact on mitigating aspects of the foreign body response, and to identify other 



 

113 

mechanisms involved in SUA reduction. Results from ongoing work will help identify both 

strategies to improve the sustained therapeutic benefits of the coating, as well as alternative 

mechanisms to target ROS accumulation.    

4.5 Conclusion 

Here, we reported the recording and electrochemical performance of antioxidant-coated 

probes in the rat motor cortex. We observed that coated probes exhibited an improved recording 

performance as evidenced by increased neuronal activity. Moreover, these probes remained 

electrochemically stable throughout the 6-week indwelling period. This therapeutic benefit was 

not sustained however, indicating that investigation into strategies to improve the antioxidant 

coating may be necessary and possibly informed by ongoing ex vivo imaging and 

immunohistochemistry. 
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Abstract 

Intracortical microelectrode arrays (MEAs) enable the acquisition of signals generated from 

individual neurons, offering a level of specificity and granularity that is highly useful in many 

applications. For example, these signals can be used as input to decoding algorithms which aim 

to estimate intent during volitional motor tasks to provide control signals for neuroprostheses. 

While these devices show promise in aiding rehabilitation efforts, their implementation and 

ensuing indwelling period may have adverse effects on behavior and motor function. Previous 

studies in which rats were implanted with MEAs in the hippocampus and motor cortex 

demonstrated that the rats showed an inability to retain memories associated with novel object 

recognition, as well as a decrease in fine motor control, respectively. Few, if any, studies 

however, have investigated the influence of implanted MEAs in learning and performing a 

complex motor task. In this study, we explored the impact of MEA implantation on gross motor 

function, as well as the acquisition and performance of a knob supination task, a measure of a 

clinically-relevant and not well-explored sequence of complex movements that involves 

reaching, grasping, and supination. We observed that rats who were trained on the task before 
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implantation, did not exhibit a marked decrease in task proficiency. We further demonstrated that 

after implantation, knob supination trial success could be accurately predicted by a deep neural 

network decoding algorithm. Conversely, rats that were implanted before learning the task 

exhibited differential rates of learning that appeared to correlate with the size of device that was 

implanted. These results indicate that 1) the rat model is a viable means of developing and 

testing brain-machine applications for skilled motor tasks, and 2) indwelling MEAs may 

adversely impact the acquisition of a skilled task, but not necessarily the long-term performance 

after a skill has already been learned. 
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5.1 Part 1 

5.1.1 Introduction 

Brain-machine interfaces (BMIs) offer the potential to help restore lost sensory and motor 

functionality to those with paralysis or limb loss by enabling the translation of neural activity 

into operational outputs such as neuroprosthetic control and functional electrical stimulation [1-

3]. This is achieved by first recording the electrical signals of neurons in the brain during a task 

using a variety of interfaces ranging from large, noninvasive approaches such as 

electroencephalography, to the use of small, invasive devices like intracortical microelectrode 

arrays (MEAs). Neuronal signals are then processed to extract useful features such as band 

power or firing rate and fed into a decoding algorithm to estimate and predict the intent of the 

subject, i.e., the completion of the task during which the neuronal activity was recorded. The 

output of this algorithm is then used as a control signal for the effector (e.g., robotic arm or 

stimulator) to generate the desired action, thus completing the BMI control loop.  

There are a multitude of algorithms that have been used to decode motor intent that boast 

varying levels of complexity and success. Simpler algorithms such as linear and Kalman filters 

have historically served as the foundation for decoding techniques [4,5], whereas the increase in 

computing power in recent years has led to the advent of more computationally intensive 

machine learning algorithms that use support vector machines and neural network architectures 

[6,7]. This increase in the complexity of algorithms, combined with the ability to simultaneously 

record from an increasingly large population of individual neurons, has enabled the analysis and 

decoding of fine, complex movements such as those associated with the hand and wrist.  
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Studies investigating the use of intracortical MEAs in decoding hand movement have commonly 

focused on hand kinematics [7,8], individual finger control [9,10], and reach and grip [2,11], but 

have largely neglected general wrist movements such as supination. Studies that have explored 

decoding of the wrist are mainly electromyography-based [12,13], which may not provide 

precise control of intended wrist movement and would not necessarily be useful for those 

suffering from limb loss, paralysis, or neuromotor disorders such as Parkinson’s disease. 

Forelimb rotation is commonly impaired after stroke and can be difficult to restore [14,15], 

signifying that the decoding of rotational movement may hold clinical significance. 

In this study, we explore the use of a deep neural network (DNN) to decode the neuronal 

activity within the motor cortex of rats during a motor task that requires skilled forelimb 

supination. DNNs are a subclass of artificial neural networks that map inputs to an output 

through a network of hidden layers that assign weights based on linear or nonlinear connectivity 

[16]. An activation function is then used to transform the weighted input from the node into an 

output. DNNs are well suited for end-to-end learning due to their ability to automatically extract 

relevant information from both linear and nonlinear data without a priori feature selection [17-

19]. The DNN decoder was trained and tested on multiple sets of data across several rats and 

evaluated by its accuracy to predict the success or failure of individual supination trials. Our 

results demonstrate the feasibility of decoding aspects of wrist supination in rats, which can be 

used as a robust model to help facilitate the rapid refinement of the decoding algorithm and 

ultimately the level of volitional control for wrist movement.  
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5.1.2 Materials and Methods 

Knob Supination Training 

All animal handling procedures were approved by the Institutional Animal Care and Use 

Committee at The University of Texas at Dallas. Rats were trained to perform the knob 

supination task as previously described by Butensky et al. [20]. Briefly, rats were placed in a 

clear, plastic, 150 mm x 200 mm x 250 mm behavioral box (MotoTrak, Vulintus Inc., USA) with 

a reward trough and a 14.2 mm x 25.4 mm rectangular aperture that allowed access to a knob 

manipulandum with the right paw. Rats were first habituated to the behavioral box and rewarded 

with sugar pellets as they increased their interaction with the knob. Once rats adequately 

associated the knob with a treat, they were only rewarded upon successful supination, including 

proper paw position on the knob. Initial training stages required a very minimal supination 

threshold, while subsequent stages forced the rats to supinate the knob clockwise to a threshold 

of 60° at increasing distances from the aperture. Once the rat could consistently supinate the 

knob at a distance of 1.25 cm from the aperture, a 3g counterweight was added to the 

manipulandum to increase resistance. A trial was deemed successful if the rat supinated the knob 

past the threshold angle within a 2-second hit window after supination initiation. Training 

sessions were 30 minutes each, several times per week. Rats were food deprived before each 

session and fed throughout the training to maintain 85% of their normal weight with reward 

pellets supplementing the rest of their diet. 
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Surgical Implantation 

Surgical procedures were similar to those outlined in Usoro et al. [21]. Adult female 

Sprague Dawley rats (n=3) were anesthetized using 2-3% isoflurane and given an intraperitoneal 

injection of 65 mg/ml ketamine, 13.3 mg/ml xylazine, 1.5 mg/ml acepromazine cocktail followed 

by a 0.05 mg/kg intramuscular injection of atropine sulfate. The rats’ heads were then shaved, 

cleaned with 3 alternating round of 10% iodine and 70% ethanol, and positioned in a stereotaxic 

frame (Kopf 940, Kopf Instruments, USA) that was supplied with 1-2% isoflurane mixed with 

100% oxygen to maintain anesthesia. A midline incision was made in the animal’s scalp and 

tissue resected to expose the skull. 3 bone screws were inserted into the quadrants adjacent to 

where the device was to be implanted. A ~2x2mm craniotomy was made over the left motor 

cortex and the dura removed. Rats were implanted with a 16 channel, single shank, planar 

NeuroNexus array (A1x16-3mm-100-177-CM16LP, NeuroNexus Technologies, Ann Arbor, MI) 

measuring 3mm long, 123µm wide at the base, and 15µm thick. Ground and reference wires 

were wrapped around rostral and caudal bone screws. Arrays were implanted at a speed of 

1000µm/s to a depth of 2mm using a pneumatically driven micropositioner (Kopf Instruments, 

Tujunga, CA, USA). A collagen-based dural graft (Biodesign Dural Graft, Cook Medical, 

Bloomington, IN, USA) was then placed around the implanted device to replace the dura. The 

craniotomy was sealed using Gluture topical adhesive (World Precision Instruments, Sarasota, 

FL, USA) and dental cement was used to form a head cap to cover the skull and encapsulate the 

device. 
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Signal Acquisition and Processing 

Neuronal activity and supination angle were simultaneously recorded using an Omniplex 

acquisition system (Plexon, Inc., Dallas, TX, USA) and the MotoTrak behavioral box and 

sampled at 40 kHz and 100 Hz respectively (Fig. 1A). Single units were processed through 

Plexon’s PlexControl software using a 4-pole, high-pass Butterworth filter with a cutoff 

frequency of 250 Hz. A lower threshold of 20 µV and upper threshold of 300 µV was applied to 

the filtered wide band data to eliminate non-physiologically relevant signals and single units 

were discriminated using separation in principal component space. Supination angle was 

recorded during a 5-second window for each trial: 1 second before supination initiation, 2 

seconds during the hit window, and 2 seconds after the hit window. A supination above 60° 

during the 2-second hit window was considered a “hit” while a supination below 60° or outside 

the hit window was considered a “miss”. Firing rate for each single unit was calculated as the 

average spikes per second and computed in 5-second bins that coincided with the onset of each 

supination trial (Fig. 1B and 1C). 
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Figure 5.1. Data acquisition and decoder input. A) Image of a rat implanted with an intracortical microelectrode 

array performing the knob supination task. Neuronal activity and knob supination angle were simultaneously 

recorded. B) Representative rate histograms from 4 units recorded during one session. Firing rate was calculated in 5 

second bins over the span of the session. C) Example supination waveform displaying the initiation and hit 

threshold. A trial was deemed successful if the knob was supinated past a threshold of 60 degrees within a 2-second 

hit window. 

 

Deep Neural Network Decoder 

A deep neural network was implemented through a Keras framework with TensorFlow 

backend in Python and used to predict trial success during the knob supination task. The DNN 

input layer consisted of the neuronal firing rates for all sorted units for each dataset (n=5). Two 

hidden layers were used in the decoder containing 115 and 8 nodes respectively. The number of 

hidden layers, as well as the number of nodes within each layer were empirically determined to 

optimize computational speed and accuracy. A rectified linear unit (ReLU) activation function 

was used on the first two layers while a Sigmoid function was used in the output layer. Recent 
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work has demonstrated better performance using ReLU activation functions for the hidden layers 

[22,23], while the Sigmoid function was used in the output layer to ensure the output was 

between 0 and 1 for easier classification mapping. 10 epochs (number of times the decoder 

analyzed the entire dataset) and between 10-60 batches (number of samples before the model 

updated weights) were chosen empirically. To train the decoder, a stratified validation method 

was employed in which two-thirds of each dataset was fed into the algorithm as training data, 

while the remaining one-third was used for testing. This was repeated 5 times per dataset to 

ensure an even distribution of hits and misses within the training data and to help reduce 

selection bias and overfitting of the model. Decoder accuracy was measured as the percentage of 

correctly identified outcomes, i.e., hit or miss, across all supination trials. 

5.1.3 Results 

First, we examined whether or not the implantation and indwelling probe affected the 

proficiency of task performance. 

The DNN decoder was first trained and tested on each individual dataset. The number of 

trials per dataset ranged from 18-109 for a total of 318 trials (266 hits, 52 misses). Fig. 2A shows 

an example of comparable model performance between the training and the test data based on 

the minimization of the root mean squared error. In general, both curves converged to a minimal 

loss after 5 epochs and exhibited smooth, logarithmic decays, indicating a good rate of learning. 

A linear decay would suggest a low learning rate as incremental improvements to the model 

would occur over many epochs and would be computationally time consuming. A high learning 

rate would look exponential in nature and would initially decay the loss faster but could plateau 

at a higher loss due to the inability of the system to correctly optimize rapidly changing 
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parameters. Overall, the DNN decoder was able to correctly predict supination trial outcomes 

substantially above chance with an average accuracy of 75.8% ± 9.80%. Fig. 2B displays a 

boxplot of prediction accuracy across all datasets. Accuracy ranged from 55.6% - 90.9% with 

medians above 75% in 4 out of 5 datasets. 

 

Figure 5.2. Decoder performance. A) Representative loss curve comparing the model performance on the training 

and test data. Both curves begin to converge at 5 epochs and exhibit a smooth logarithmic decay. Loss was 

calculated as the root mean square error. B) Boxplot of decoding accuracy across datasets. 

 

After the decoder was trained and tested on individual datasets, the DNN was utilized to see if a 

model trained on one rat could be used to predict supination trial outcomes of another rat. The 

confusion matrix shown in Fig. 3 indicates that the decoder exhibited relative specificity, i.e., the 

algorithm trained on one rat did not accurately predict outcomes from another rat. This was 

especially true when the decoder classified outcomes from Rats 2 and 3, whereas the decoder 

performed approximately at 50%, or random chance, when Rat 1 was the test subject, indicating 

that the algorithm may not be generalizable due to each subject’s unique electrophysiological 

signatures during the task. 
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Figure 5.3. Confusion matrix of predicted outcomes. The decoder was trained using data from one rat and then 

tested using data from the two other rats. The percentages are averages of 3 separate test runs. 
 

5.1.4 Discussion 

In this study, we demonstrated the feasibility of decoding neuronal activity recorded from 

the rat motor cortex to predict trial outcomes during a knob supination task. To the best of our 

knowledge, this is the first study to use intracortical recordings in decoding wrist supination in a 

rodent model, thereby providing a proof-of-concept framework in which numerous algorithms, 

paradigms, and permutations can be quickly tested with high repeatability and throughput. 

While these preliminary results were promising, this study was limited primarily by the 
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amount of available data. Neural networks are known to benefit tremendously from high 

volumes of data that help provide a robust training set for the algorithm, which in turn will 

enable it to properly estimate intent given a diverse array of instances during a given task. Neural 

networks that attempt to run a large number of iterations on small datasets run the risk of 

overfitting the model. While the number of epochs was kept relatively low in this study to help 

mitigate that risk, our DNN decoder would benefit from a larger dataset. Furthermore, because 

the rats were highly proficient at the task, even after surgery, the dataset was inherently 

unbalanced as there were significantly more hits than misses, which may have contributed to the 

model’s lack of generalizability.  

Future studies will focus on comparing a variety of linear and nonlinear decoders to 

determine which algorithms are best suited to decode wrist supination. Additionally, with the 

collection of more data from a greater number of subjects, future work will be able to focus on 

accurately decoding a continuous supination waveform, as opposed to discrete periods of 

threshold crossings, potentially giving rise to greater volitional control of the wrist while using 

neuroprostheses.  
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5.2 Part 2 

5.2.1 Introduction 

Implantable neural interfaces are capable of both recording the electrical activity of 

individual neurons and delivering electrical current to stimulate surrounding tissue. This bi-

directional capability to interact with the nervous system enables applications in both the 

neuroscience and medical communities. The recording and modulation of the single unit activity 

(SUA) from individual neurons can help elucidate functional neurocircuitry [1], while the 

decoding, or interpretation, of neuronal activity can serve as input to a control system for a 

neuroprosthesis, enabling a patient to manipulate a prosthetic to recover or supplement lost 

motor functionality [2], [3]. While this technology shows promise in helping improve 

rehabilitative efforts, there may be unintended and unforeseen consequences to intracortical 

implantation and indwelling probes. 

Most clinical microelectrode array (MEA) applications use commercially available Utah 

electrode arrays (UEAs) to record neuronal activity, while many basic science applications rely 

on planar, multisite arrays such as those provided by Neuronexus (NNX). Each of the designs 

have their unique advantages, but both probes are generally large and stiff, and have been 

implicated in causing a profound neuroinflammatory response that may have adverse effects on 

motor function and behavior, and can contribute to the chronic failure of devices [4]. Previous 

work has shown that this neuroinflammation can also cause harmful downstream effects that are 

not localized to the region of implantation [5]. Hirshler et al. showed that scaled deep brain 

stimulating probes implanted in the subthalamic nucleus of rats caused memory deficits 
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measured by the object recognition test. Goss-Varley et al. demonstrated that rats implanted with 

MEAs in the motor cortex required a drastically increased amount of time to complete a ladder 

rung test [6]. Moreover, they observed that these rats also experienced significantly more paws 

slips, suggesting the probe implantation may have adverse effect on fine motor control. This 

deficits may be due to an increase in the disruption, and therefore permeability, of the blood 

brain barrier caused by the severing of vasculature during implantation [6]. Furthermore, chronic 

neuroinflammation from adverse events such as infection and ischemic injury has been shown to 

cause cognitive impairments in both rats [7] and humans[8]. For conventional intracortical 

MEAs implanted into the brain, this sustained inflammation may stem from continued probe-

tissue mechanical mismatch and micromotion [9]–[11], prompting the investigation of 

alternative array materials and designs. 

Our group is currently investing the use of amorphous silicon carbide (a-SiC) as a 

substrate for ultrathin neural interfaces to mitigate the immune response and damage from device 

implantation by decreasing size, and consequently increasing flexibility. A-SiC is an inherently 

stiff material that exhibits flexibility as a thin film at appropriate dimensions. Therefore when 

fabricated through lithographic techniques, a-SiC MEAs can be manufactured with a small cross-

sectional area for increased flexibility, reducing both the device footprint in the brain, as well as 

the mechanical mismatch [12], [13]. 

In this study, we aim to evaluate the effects of intracortical arrays on motor function and 

assess the viability of using flexible devices as a means to mitigate potential functional 

impairments. By leveraging novel materials and behavioral paradigms, we provide an innovative 
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methodology to better understand and characterize a relatively unexplored, but impactful facet of 

indwelling neural interfaces.  

5.2.2 Materials and Methods 

Devices and Surgical Implantation 

Three cohorts of rats were implanted with one of three array types: nonfunctional UEAs 

(n=5), NNX (n=8), or a-SiC (n=6). UEAs measure 1 mm in length with 400 µm spacing between 

the 16 shanks. Both NNX and a-SiC planar arrays contained 4 shanks with 4 microelectrode sites 

per shank. Shanks were 2 mm in length with a pitch of 200 µm. NNX arrays were 42 µm wide at 

the base and 15 µm thick, while a-SiC arrays were 20 µm wide at the base and 6 µm thick. In 

this way, larger, commercially-available machined (UEA) and planar (NNX) arrays, along with 

an ultrathin planar array (a-SiC) could all be evaluated for their impact on behavior. All 

procedures were performed in accordance with protocols approved by the Institutional Animal 

Care Use Committee at The University of Texas at Dallas. Briefly, rats were anesthetized using 

isoflurane and given an intraperitoneal injection of a ketamine, xylazine, acepromazine cocktail, 

followed by an intramuscular injection of atropine sulfate. After confirming deep anesthesia was 

reached through tail and toe pinches, rats were transferred to a stereotactic frame supplied with 

up to 2% isoflurane mixed with 100% oxygen. A midline incision in the scalp was made and 

tissue resected to expose the skull surface. Bone screws were inserted adjacent to the site of 

implantation and a craniotomy was performed above the forepaw representation of the left motor 

cortex (2 mm anterior from bregma and 2 mm lateral from the midline). After resecting the dura, 

devices were implanted to a depth of either 1 mm (UEAs) or 1.5-2 mm (NNX and a-SiC). 

Afterwards, dural grafts were inserted to replace the dura, and the craniotomy sealed in a 
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silicone-based topical adhesive. Dental cement was then used to form a head cap that fully 

encapsulated the device and surgical site. 

 

Cylinder Test 

Prior to implantation, rats performed behavioral tests to establish a baseline, with weekly 

testing occurring after surgery. The cylinder test was used to determine changes in limb-use 

asymmetry and overall exploratory behavior over time [14], [15]. Rats were placed in a clear, 

plastic cylinder and filmed from underneath while they explored the cylindrical boundaries. Paw 

preference was determined by manually counting the number of times each paw was used to 

initially reach out and touch the walls of the cylinder once the rat reared onto its hind legs. The 

percent use of each paw was tracked over time. 

 

Figure 5.4. Rodent functional testing. A) Image detailing the setup for the cylinder test with the rat placed in clear 

cylinder while being filmed from underneath. B) Setup for the grip strength test. Rat is gripping two individual force 

transducers while strength trials are captured by custom scripts in MATLAB. 
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Grip Strength Test 

The grip strength test was employed as a measure of forelimb strength [14]. Using a 

custom-built apparatus, rats were be positioned to grip two horizontal bars attached to two 

separate force transducers, such that each forepaw was grasping a single bar. Force values (in 

grams), as well as continuous grip waveforms, were collected at a sampling rate of 100 Hz. Data 

acquisition was controlled through custom MATLAB software where 10 trials were conducted 

during a single recording session. Grip force was averaged across trials for both the left and right 

paw and tracked over time to assess how forelimb strength may change due to chronically 

implanted arrays. 

 

Von Frey Test 

The Von Frey test served as a measure of the mechanosensory detection threshold [16]. 

Rats were placed in an acrylic chamber on a wire mesh floor, and an actuator filament was 

applied with an aesthesiometer to the plantar surface of the forepaws with increasing force (50g 

over a 20s ramp). The reaction force and time at paw withdrawal was then recorded and 

averaged over 5 trials per session. Trials in which the rat moved its paw due to exploratory 

activity were excluded.  
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Figure 5.5. Von Frey testing environment. Rats are placed in an acrylic box on top of a wire mesh such that an 

aesthesiometer (A) could be placed underneath their forepaw (B) to apply pressure until they retracted their paw (C). 

Red dashed lines indicate the position of the actuator filament. 

Knob Supination Training 

Rats were trained on the knob supination task as previously described [17] to assess their 

ability to acquire a skilled motor task. Briefly, rats were placed in a clear box (MotoTrak, 

Vulintus, USA) that had an aperture window that allowed access to a knob manipulandum with 

the right paw. Rats were rewarded with a sugar pellet upon increasing interaction with the knob 

until they could autonomously supinate the knob at a distance of 1.25 cm and a threshold angle 

of 60°. A trial was deemed successful if the rat performed the supination within a 2 s hit window 

after trial initiation. The number of sessions required for each rat to first start supinating (5 

successful trials at the lowest training stage) and become fully trained (70% success at the 

highest training stage) were recorded. The main researcher responsible for training was blinded 
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to the experimental condition of the rats for the majority of the study to reduce potential bias and 

preferential treatment during training.  

 

Statistical Analysis 

A Kruskal Wallis ANOVA was used to determine significant differences between 3 or 

more testing groups (knob supination task). Linear fits were used to determine increasing or 

decreasing trends for the cylinder test. For the grip and Von Frey assessments, the Friedman test 

was used to compare measures at different time points. Mann Whitney tests were used to 

determine differences between two groups at any given time point.  

 

5.2.3 Results 

To evaluate the effects of intracortical MEAs on behavior and motor functionality, rats 

were implanted with 3 different types of arrays. Those receiving UEAs, the largest 

commercially-available array, underwent tests designed to assess the impact of implantation on 

gross motor function and passive behaviors, i.e., unskilled, inherent motions that did not require 

training. Rats that were implanted with planar arrays (NNX and a-SiC) were evaluated on their 

ability to learn a skilled motor task. Planar arrays with differing geometries, i.e., ultrathin (a-SiC) 

or conventionally-sized (NNX), were chosen to evaluate the effect of size on potential 

impairments. Additionally, because all arrays were implanted in the left motor cortex, we were 

primarily focused on deficits induced on the contralateral (right) side of the body, though data 

from both paws are presented here.  



 

138 

 

Figure 5.6. Paw preference during the cylinder test. Left (black), right (red), and both (blue) paw touches tracked 

over time while rats explored the cylinder. Data presented as mean ± SEM. 

 

After implantation, rats that received UEAs did not exhibit any substantial or consistent 

change to their contralateral paw use across exploratory (Figure 5.6), strength (Figure 5.7A), or 

mechanosensory assessments (Figure 5.7B). Interestingly, the ipsilateral paw (left) did 

experience a significant decrease after a 4-week indwelling period for both the grip strength and 

Von Frey tests (Figure 5.7). Furthermore, there were also significant differences observed 

between ipsilateral and contralateral paws for the grip test after 4 weeks post-surgery.   
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Figure 5.7. Motor and sensory deficits over time. Grip strength (A) and Von Frey (B) significant differences over 

time (left panel) and between paws (right panel). Left paw is shown in black and right paw in red. Data presented as 

mean ± SEM. 

 

To assess the impact of both the presence and size of MEAs on the learning of a skilled 

motor tasks, 4 groups of rats were trained: control (n=5), sham (n=5), a-SiC-implanted (n=6), 

and NNX-implanted (n=8). Control rats did not receive any surgical intervention, while sham 

rats underwent the same surgical procedure as those implanted with either a-SiC or NNX arrays 

but did not receive a device. We observed that there was a significant increase in the amount of 

time it took rats implanted with NNX arrays to first start supinating compared to the sham group 
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(Figure 5.8A). Furthermore, there was not a discernable difference in the time necessary for the 

control, sham, and a-SiC groups to start to learn the task.  

 

Figure 5.8. Impairments during a skilled motor task. The number of sessions required to first start supinating (A) and 

become fully trained (B) for control (purple) and sham (yellow) groups, and rats implanted with either amorphous 

silicon carbide (orange) or Neuronexus (green) arrays. Data presented as mean ± SEM. * indicates p < 0.05. 

 

We also quantified the number of sessions required for rats to become fully proficient at 

the knob supination task. Figure 5.8B shows that rats implanted with a-SiC arrays did take 

significantly longer to become fully trained when compared to sham animals. However, the a-

SiC cohort exhibited almost identical training speeds compared to the control group, which were 

both faster than rats implanted with NNX array (Figure 5.8B). 

5.2.4 Discussion 

Traditionally, studies involving the use of intracortical MEAs focus on histological 

measures to qualify the extent of damage associated with indwelling probes, however, an injury 

to the brain can often manifest as a functional impairment that negatively impacts an individual’s 

quality of life [5], [8], [18]. Here, we report our findings on the effects of implanted MEAs on 

behavior and motor function. We observed that UEAs, the largest class of commercially-
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available intracortical MEAs, did not elicit a behavioral, gross motor, or mechanosensory deficit 

in the paw contralateral to the site of implantation. However, some effects were noted in the 

ipsilateral paw during grip strength and sensory assessments. While these results were 

unexpected, studies investigating the effects of stroke have reported ipsilateral deficits in 

addition to contralateral impairments [19], [20]. While MEA implantation does not exactly 

mimic the stroke injury model, similar mechanisms involving damage to anatomical neural 

circuitry may play a role in the decreased muscular strength and fine motor control in ipsilateral 

limbs reported in the stroke literature [21]–[23]. Additionally, there were no changes for either 

paw during the cylinder test, a measure of paw use asymmetry that takes advantage of a rat’s 

natural affinity for exploration, suggesting that MEA implantation in the motor cortex may not 

necessarily have an impact on inherent, unskilled behaviors and function. 

To evaluate the impact of MEAs on the learning of a skilled motor task, and to assess the 

use of ultrathin arrays to mitigate potential functional impairments, we trained rats on the knob 

supination task. At the onset of training, we observed that rats implanted with the larger NNX 

arrays required more sessions to start performing the task when compared to sham animals. Rats 

implanted with ultrathin devices as well as control animals performed at a very similar level to 

sham animals. While this statistically significant difference was not observed in the number of 

sessions required to become proficient at the task, the trend was still maintained. Similar results 

were observed in studies assessing skilled forelimb reach following hemorrhagic stroke in 

rodents, in which significant impairments were detected immediately following injury but 

partially recovered towards baseline over time [24], [25]. In the context of MEA implantation, 

this may partially explain the differences observed in the early acquisition of the skilled task and 
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suggests that the severity of the initial injury may influence the level of impairment. It has also 

been shown that the motor cortex plays a substantial role while learning a new skilled motor 

task, but not in the execution of a learned task [26], further supporting the notion that damage to 

the motor cortex may significantly impair initial efforts in the acquisition of a task, but exhibit 

less of an impact once the task has been partially or fully acquired.   

 

5.2.5 Conclusion 

In this study, we demonstrate that indwelling MEAs may not impact exploratory 

behavior, gross motor function, and mechanosensation associated with the contralateral forelimb, 

however, there may be ipsilateral effects that require additional exploration. While indwelling 

MEAs may not impact inherent or unskilled motor function, there was a significant impairment 

associated with the initial acquisition of a skilled motor task by rats implanted with larger arrays, 

suggesting that device dimensions may play a role in the severity of functional impairments 

associated with MEA implantation. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

Implanted devices able to record neuronal activity from the cortex comprise an important facet of 

brain-machine interface systems that are used to help restore sensory and motor function from 

patients suffering from limb loss, paralysis, and neurodegenerative diseases. Presently, these 

devices often lose the ability to consistently record single units after several months or years, 

limiting their widespread clinical implementation. This decrease in device performance is often a 

result of either acute mechanical failures or lengthier biological processes that degrade the device 

and reduce the viability and proximity of neurons of interest, prompting the need for alternative 

probe designs. Strategies aimed at mitigating the foreign body response via reduced size and 

increased flexibility often require the use of insertion shuttles that are much larger and stiffer 

than the device itself, inciting a similarly profound initial stab injury. Additionally, approaches 

using bioactive coatings or drug administration can lose efficacy in vivo or require repeated 

dosing to maintain chronic therapeutic benefits. Moreover, the implantation and presence of 

probes may actually lead to functional deficits that extend beyond neuronal recordings and 

histological outcomes. Therefore, the focus of this research sought to: (1) review the historical 

implementation of devices intended for chronic use and establish a method for contextualizing 

the performance of emerging technology, (2) develop and implant ultrathin arrays comprised of 

amorphous silicon carbide (a-SiC) and evaluate chronic functionality, (3) develop and implement 

an immobilized antioxidant coating for sustained use on silicon arrays, and (4) assess functional 
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deficits associated with motor function and learning and evaluate the ability to decode a skilled 

motor task after probe implantation.  

In Chapter 2, we conducted a review of literature that claimed chronic implementation of 

MEA technology to identify trends in recording outcomes across devices and animal models. We 

divided devices into Blackrock, Neuronexus, Microwire, and Custom arrays, and separated the 

study model into Mice, Rat, Small Animal, Non-human primate, and Human groups. After 

surveying articles from the past 35 years, we observed an enormous variation in reported chronic 

study duration that appeared to scale with the size of the model. Rodents were unsurprisingly the 

animal model of choice for testing custom devices, so we therefore focused our analysis of 

recording outcomes on mice and rats. To provide a means of contextualizing custom array 

performance, we evaluated the active electrode yield (AEY) for commercially-available devices 

(Blackrock and Neuronexus), discovering that these devices exhibited a 50% decrease in 

performance over a 16-week indwelling period. Our analysis also revealed that planar arrays 

(Neuronexus) were the most widely used, commercially-available devices in rodents, prompting 

our investigation into the differences in recording performance between the two typical planar 

array configurations: single shank (SS) and multi-shank (MS). We observed that electrode depth 

played a critical role in recording performance, such that electrodes at lower depths were no 

longer recording activity after 4 weeks post-implantation. Together, these results revealed the 

need for consistency in the demonstration of MEA applications, provided a means to better 

contextualize the performance of emerging technology, and demonstrated that a design 

characteristic as rudimentary as electrode placement could have large implications on chronic 

performance. 
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In Chapter 3, we utilized a-SiC as both an encapsulation material for commercially-

available arrays, and a substrate for ultrathin arrays, to evaluate its use in providing a stable 

platform for chronic applications. First, we implanted Blackrock arrays encapsulated with a-SiC 

in the rat motor cortex and assessed their long-term electrophysiological and electrochemical 

performance. While SUA did decline over the 30-week indwelling period, devices with a-SiC 

encapsulation outperformed those with parylene-C encapsulation during the first 24 weeks post-

implantation. Additionally, bandpower calculated from local field potentials remained relatively 

stable throughout the study, particularly in freely-behaving rats, suggesting that these signals 

may be useful in the chronic decoding of behavior. Next, we fabricated ultrathin (6 µm) arrays 

from a-SiC to determine the efficacy of using small devices to mitigate the foreign body 

response. A-SiC devices were easily implanted without the use of an insertion shuttle or guide 

and were able to record numerous putative units with high SNR compared to the thinnest planar 

arrays commercially available (Neuronexus, 15 µm). Both arrays had a MS configuration, but 

interestingly, we observed a decay pattern in AEY similar to that seen in Chapters 2 and 4 for 

Neuronexus arrays, but not a-SiC arrays. We did experience a low device yield for a-SiC arrays, 

however, due to shearing forces that fractured shanks at the brain surface. This prompted the 

addition of 2 µm to the thickness, resulting in arrays that were still nearly half the thickness of 

commercially-available devices, and are currently being evaluated for chronic use.  

In Chapter 4, we assessed the viability of using an MnTBAP-based antioxidant coating to 

improve the recording outcomes of devices. First, we covalently immobilized MnTBAP onto to 

the surface of silicon arrays by functionalizing the surface with chemical vapor deposition of 

APTES followed by sulfo-NHS. Coated probes were then implanted in rat motor cortex and 
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monitored for 6 weeks. Our results indicated that coated probes remained electrochemically 

stable and exhibited significant improvement in AEY, characterized by a nearly 50% increase 

within the first 2 weeks. They also maintained a higher AEY through 5 weeks, but eventually 

converged to the level of uncoated probes. These results, while noteworthy, signify the need for 

additional work to improve the long-term therapeutic benefit of our MnTBAP coating. 

In Chapter 5, we employed a variety of tests to determine the extent of functional damage 

caused by indwelling probes. We trained rats on the knob supination task, a novel, skilled motor 

task for assessing right forelimb dexterity, and implanted planar arrays in the left motor cortex to 

identify probe-induced deficits in task performance. We observed little to no decline in 

performance after implantation, allowing us to decode the neuronal activity during task 

performance using a deep neural network. Our decoder algorithm was able to predict knob 

supination trial success with relatively high accuracy, demonstrating feasibility of decoding 

aspects of wrist supination which may have clinical utility. Next, we implanted Blackrock arrays, 

the largest commercially-available MEA, into the forepaw representation of the left motor 

cortex. Afterwards, rats performed the cylinder, grip strength, and Von Frey tests to assess 

changes to their paw preference/exploratory behavior, forelimb strength, and mechanosensation, 

respectively. We observed no discernible trends or changes in any of the tests, suggesting that 

MEA implantation may not affect inherent behaviors (exploration) or unskilled motor and 

sensory function. Lastly, to evaluate the effects of probe implantation on the learning, or 

acquisition, of a skilled motor task, we first inserted either a-SiC or Neuronexus arrays into the 

forepaw representation of the left motor cortex, and then trained rats on the knob supination task. 

We observed a differential rate in learning that was dependent on the size of the MEA. 
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Altogether, these results suggest that MEAs implanted in the motor cortex may have adverse 

effects on the acquisition of a skilled motor task, but not necessarily on gross motor function or 

the performance of an already learned task. 

Overall, this body of work revealed the need for consistency in reporting the chronic 

performance of MEAs as well as the difficulties in comparing and contextualizing the long-term 

functionality of emerging technology. Additionally, it demonstrated and analyzed the importance 

of design considerations such as electrode placement, device size, and bioactive coatings. Lastly, 

it revealed that functional deficits related to skilled tasks may arise as a consequence of the size 

of indwelling probes, reaffirming the need to further invest in strategies aimed at improving the 

chronic functionality and behavioral outcomes associated with intracortical MEAs.   

6.2 Future work 

While the work presented in this dissertation highlights important insights into the chronic 

functionality of intracortical MEAs, future studies may expand upon and elucidate observed 

results, thereby improving on current device designs to enhance long-term performance while 

reducing adverse behavioral outcomes. 

6.2.1 Wireless, high-density arrays for improved recording capabilities 

All arrays that were implanted in this body of research were 16-channel devices that were 

tethered to the skull through necessity of backend connectors and cabling. While these devices 

were useful under experimental conditions, the full realization of MEA technology in a real-

world setting will require wireless implementation with the ability to record from many 

individual neurons at a time. As BMIs become more sophisticated, input from many neurons in 



 

150 

different areas of the cortex (e.g., motor, visual, sensory, etc.) will be necessary to provide more 

comprehensive and intuitive control of the neuroprosthetic or machine. Furthermore, wireless 

systems will be critical to enable patients to freely move around during normal and unassisted 

behavior, rather than being encumbered by cables and data acquisition/processing equipment.  

For closed loop systems, this presents numerous challenges including, but not limited to, battery 

life, onboard processing power, telemetry capabilities, stimulation, signal specificity, channel 

density, and implant size. Current platforms have addressed several of these areas [1]–[8], but 

challenges with device size and signal specificity still remain pervasive. Many available wireless 

systems are simply too large to be considered a microelectrode array, given the constraints of 

smaller electrodes associated with the delivery of therapeutic levels of stimulation. Moreover, the 

larger device and electrode sizes only allow for the recording of local field potentials, rather than 

single units, which may provide increased specificity for both decoding and stimulation 

feedback. Efforts to miniaturizing this technology while increasing electrode density could have 

tremendous impact on both experimental and clinical implementation.  

6.2.2 Antioxidant variants and pathways 

While our coating arrays showed acute improvements in recorded activity, the subsidence 

of this benefit after 6 weeks suggests that either the coating did not remain present or 

biologically active during the indwelling period, or that other mechanisms may play a larger role 

in modulating activity at deeper depths. As efforts to improve our MnTBAP coating are ongoing, 

alternative pathways should be explored. Our group previously demonstrated the acute benefits 

associated with systemic administration of the antioxidant resveratrol [9], suggesting that other 

routes of antioxidant implementation may prove useful in realizing therapeutic effects. 
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Additionally, reactive oxygen species (ROS) accumulation is typically mediated by damage or 

pathogen associated molecular patterns (DAMPs and PAMPs), prompting a need for pathway-

specific antioxidative strategies. Preliminary experiments conducted by the Capadona group at 

Case Western Reserve University revealed MnTBAP to significantly reduce ROS following 

PAMP stimulation with lipopolysaccharide, but not necessarily with DAMP. This may partially 

explain the limited benefits observed in Chapter 4, as PAMP pathways may not have been as 

prevalent. Euk-134, another superoxide dismutase mimetic, was also revealed to significantly 

reduce ROS in both PAMP and DAMP pathways and may serve as a useful compound in future 

studies. 

6.2.3 Alternative behavioral paradigms  

The knob supination task provided a novel platform with which to assess the impact of 

MEAs on skilled motor function and to test decoding algorithms. We focused largely on 

outcomes related to successful task performance, however, opportunity exists to explore 

movement kinematics (e.g., joint angles and forelimb velocity) to evaluate potential deficits, as 

well improve decoding specificity and accuracy. Furthermore, forelimb dexterity is just one of 

many aspects of both behavior and function. For example, devices implanted into the barrel 

cortex of rats may have implications in texture discrimination and proprioception [10], while 

devices inserted into the thalamus, one of the main targets for deep brain stimulation, may cause 

neuroinflammation that has a widespread effect on cognitive function, including memory deficits 

[11]. Arrays located in the motor cortex may affect gait function, which could be assessed 

through slight modifications to established methods like the ladder rung test, such as angling the 

ladder for increased emphasis on the hindlimbs, or randomly removing rungs for skilled 
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coordination. Future work should take advantage of different areas of the cortex associated with 

outwardly measurable cognitive function. 
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APPENDIX 

SUPPLEMENTARY INFORMATION 

 

Figure A.1. Chronic durations based on life expectancy. Mean (black square) and median (red circle) chronic 

duration are plotted as a function of the life expectancy of the animal model. Horizontal error bars reflect the 

average life span range of the animal model. Mean and median data points were fitted with a linear function 

indicated by the dashed lines. Adjusted R2 values that indicate goodness of fit are reported as well. 
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Table A.1. Chronic time point statistics based on device used in a rat model  

Metric (in weeks) Custom Microwire NeuroNexus Blackrock 

     

Number of Studies 39 10 16 4 

Mean 11.2 9.29 8.07 22.5 

Median  8.00 5.50 6.00 24.0 

Range 1.00 – 52.0 2.00 – 39.0 1.00 – 16.0 12.0 – 30.0 

Standard Deviation 9.69 11.1 5.62 7.55 

References (40,44,46,48–51,56,60–

62,65,71,75–

78,80,81,84,85,87–

92,96–99,103,105–110) 

(47,53,63,67,68,72–

74,104,111) 

(30,52,54,55,57–

59,64,66,69,70,79,8

2,86,93,100) 

(94,95,101,102) 
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Table A.2. Chronic time point statistics based on device used in a mouse model 

Metric (in weeks) Custom Microwire NeuroNexus Blackrock 

     

Number of Studies 13 1 8 0 

Mean 13.9 8.00 14.4 N/A 

Median  12.0 8.00 16.0 N/A 

Range 1.00 – 34.7 N/A 0.429 – 27.0 N/A 

Standard Deviation 9.90 N/A 7.33 N/A 

References (25,27,32,34–

36,40,41,43,45,83,105,1

82) 

(26) (24,28–

30,33,37,38,42) 

N/A 
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Table A.3. Chronic time point statistic based on device used in a small animal model 

Metric (in weeks) Custom Microwire NeuroNexus Blackrock 

     

Number of Studies 10 6 1 8 

Mean 26.3 13.7 5.00 34.5 

Median  17.2 6.86 5.00 39.5 

Range 0.700 – 96.0 4.33 – 36.0 N/A 12.9 – 52.0 

Standard Deviation 29.6 13.3 N/A 18.4 

References (115,121,124,127–

129,131,132,136,201) 

(113,116,120,122,12

6,130) 

(123) (114,117–

119,125,133–

135) 
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Table A.4. Chronic time point statistic based on device used in a non-human primate model 

Metric (in weeks) Custom Microwire NeuroNexus Blackrock 

     

Number of Studies 8 6 0 19 

Mean 56.6 60.6 N/A 57.7 

Median  23.0 37.6 N/A 44.0 

Range 1.43 – 163 26.3 – 156 N/A 12.0 – 156 

Standard Deviation 67.5 50.1 N/A 50.3 

References (140,142,155,157,161,16

2,164,165) 

(138,148,158,160,16

3,166) 

N/A (125,134,137,1

39,141,143–

147,149–

154,156,159,18

3) 
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Table A.5. Chronic time point statistic based on publication year 

Metric (in weeks) ≤ 2000 2001 - 2005 2006 - 2010 2011 - 2015 2016 - 2020 

      

Number of Studies 14 13 29 48 56 

Mean 35.2 25.6 25.1 34.5 26.9 

Median  14.0 8.00 8.57 16.0 16.0 

Range 3.71 - 163 1.00 - 156 1.00 – 156 1.00 - 282 0.429 - 172 

Standard Deviation 52.1 43.9 32.0 50.9 35.0 

References (47,114,121

–123,131–

136,163–

165) 

(48–

55,127,128,1

38,139,166) 

(40,45,56–65,67–

70,77,99,115,116,

130,140–

143,148,168,171) 

(26–31,44,66,71–

76,78,80–86,108–

111,117,118,120,1

25,126,137,144–

147,149–152,172–

175,183) 

(24,25,32–

39,41–

43,46,87–

98,100,101,10

3–

107,112,113,1

19,124,129,15

3–

162,167,169,1

70,176–

178,182) 

      

 



 

 
 

 159 

BIOGRAPHICAL SKETCH 

Joshua O. Usoro was born in Houston, TX and moved to Katy, TX where he graduated from 

Cinco Ranch High School in 2009. He attended Duke University as a Gates Millennium Scholar 

in Durham, NC where he majored in biomedical engineering. During his undergraduate 

summers, he worked in a lab at the University of Washington that focused on developing semi-

automated breast cancer detection methods using diffusion-weighted imaging. After graduating 

with a BS from Duke University in 2013, he worked full time as a clinical engineer in 

Kalamazoo, MI for approximately 2 years before enrolling in a master’s program at Grand 

Valley State University in 2015. There, he studied biomedical engineering and conducted 

research under the direction of Dr. Samhita Rhodes, where his thesis focused on utilizing 

measures of information theory in EEG to quantify the motor rehabilitation of children with 

cerebral palsy. He presented his research at 2 conferences, was awarded the Graduate Dean’s 

Distinguished Thesis Award, and was inducted into the Omicron Delta Kappa Honor Society. 

After graduating with a MS in 2017, he entered the Bioengineering PhD program at The 

University of Texas at Dallas and conducted research under Dr. Joseph Pancrazio. Over the 

course of his dissertation work, he presented his research at 3 conferences and published 2 first-

author papers, with 2 additional first-author papers currently under peer review. While a PhD 

student, he was awarded the Industry Advisory Board and Excellence in Education Doctoral 

fellowships from The University of Texas at Dallas, the Neuroscience Scholar’s Program 

fellowship from the Society for Neuroscience, and the Scientist Mentoring & Diversity Medical 

Technology Scholarship from the International Center for Professional Development. He also 

held an internship at Stryker in Denver, CO in the summer of 2019.



 

 
 

 160 

CURRICULUM VITAE 

 

Joshua O. Usoro 
 

The University of Texas at Dallas 

800 W. Campbell Road 

Richardson, TX 75080 

Joshua.Usoro@utdallas.edu 

 

                     

 

Education 

   Ph.D. Biomedical Engineering (Present), The University of Texas at Dallas, 

 Richardson, TX. Dissertation title: Design considerations for improving the chronic 

 functionality and behavioral outcomes associated with intracortical microelectrode 

 arrays 

   M.S. Biomedical Engineering (2017), Grand Valley State University, Grand Rapids, MI. 

 Thesis title: Information theoretic EEG analysis of children with severe disabilities in 

 response to power mobility training: a pilot study. 

   B.S. Biomedical Engineering (2013), Duke University, Durham, NC. 

 

Research 

Research interests involve using signals from novel neural interfaces to decode motor function 

and develop behavioral paradigms for brain-machine interfaces.  

 

Professional Experience 

   5/18-present: Graduate Research Assistant, Department of Bioengineering, University of 

 Texas at Dallas, Richardson, TX.    

   5/19-8/19: Research and Development Engineering Intern, Stryker, Denver, CO.    

   8/17-5/18: Graduate Teaching Assistant, Department of Bioengineering, University of 

 Texas at Dallas, Richardson, TX.    

   5/16-4/17: Graduate Research Assistant, Department of Biomedical Engineering, Grand 

 Valley State University, Grand Rapids, MI. 

   1/16-4/16: Graduate Teaching Assistant, Department of Biomedical Engineering, Grand 

 Valley State University, Grand Rapids, MI. 

   2/14-12/15: Clinical Engineer, TriMedx, Kalamazoo, MI 

   5/11-9/13: Research Assistant, Breast Cancer Imaging Group, Seattle Cancer Care Alliance, 

 Seattle, WA 

   5/10-8/10: Research/Training Assistant, Austin Foundation, Seattle, WA 

 

 



 

  

Publications and Posters 

 

   Olson, Matthew L., Rahbar, Habib, Kurland, Breanda, Chai, Xiaoyu, Usoro, Joshua, 

 Lehman, Constance, Partridge, Savannah. "Semi-automated method for 

 Improved reproducibility of apparent diffusion coefficient measurements in breast 

 lesions." In International Society of Magnetic Resonance in Medicine (ISMRM) 

 Annual Meeting. Salt Lake City. 2013. 

 

   Rahbar, Habib, Kurland, Breanda, Olson, Matthew, Kitsch, Averi, Scheel, John, 

 Chai, Xiaoyu, Usoro, Joshua, Lehman, Constance, Partridge, Savannah. 

 "Diffusion-weighted breast magnetic resonance imaging: a semiautomated voxel 

 selection technique improves interreader reproducibility of apparent diffusion 

 coefficient measurements." Journal of computer assisted tomography 40, no. 3 (2016): 

 428-435. 

 

   Usoro, Joshua, Kenyon, Lisa, Farris, John, and Rhodes, Samhita. "Changes in EEG 

 spectrum and mutual information during power mobility training." In: Proceedings of 

 the 2017 Meeting of the Great Lakes Biomedical Conference; 2017 Apr 6-7; 

 Milwaukee, WI: IEEE 

 

   Usoro, Joshua O. "Information Theoretic EEG Analysis of Children with Severe 

 Disabilities In Response to Power Mobility Training: A Pilot Study." (2017). 

 Masters Theses. 837. https://scholarworks.gvsu.edu/theses/837 

 

   Usoro, Joshua, Kenyon, Lisa, Farris, John, and Rhodes, Samhita. "Information Theoretic 

 EEG Analysis of Children with Severe Disabilities in Response to Power Mobility 

 Training: A Pilot Study." In: Proceedings of the 2017 Meeting of the Biomedical 

 Engineering Society; 2017 Oct 11-14; Phoenix, AZ: Abstract nr 647. 

 

   Kenyon, Lisa, Farris, John, Aldrich, Naomi, Usoro, Joshua, Rhodes, Samhita. “The Impact 

 of Power Mobility on EEG Activity in Children with Multiple, Severe Disabilities: A 

 Pilot study.” In: Proceedings of the 2018 Meeting of the American Physical Therapy 

 Association Combined Sections; 2018 Feb 21-24; New Orleans, LA  

 

   Stiller, Allison, Frewin, Christopher, Usoro, Joshua, Danda, Vindhya, Ecker, Melanie, 

 Modi, Romil, Voit, Walter, Pancrazio, Joseph. “Softening shape memory polymer 

 intracortical probes for chronic neural recordings.” In: Proceedings of the 2018 

 Meeting of the Neural Interfaces Conference; 2018 June 25-27; Minneapolis, MN  

 

   Usoro, Joshua, Deku, Felix, Pancrazio, Joseph, Cogan, Stuart. “Design and development of 

 ultrathin microelectrode arrays.” In: Proceedings of the 2018 Meeting of the 

 Biomedical Engineering Society; 2018 Oct 17-20; Atlanta, GA.  

 

 

https://scholarworks.gvsu.edu/theses/837


 

  

   Stiller, Allison, Frewin, Christopher, Usoro, Joshua, Danda, Vindhya, Ecker, Melanie, 

 Modi, Romil, Voit, Walter, Pancrazio, Joseph. “Softening shape memory polymer 

 Intracortical proves for chronic neural recordings.” In: Proceedings of the 2018 

 Meeting of the Biomedical Engineering Society, 2018 Oct 17-20, Atlanta, GA. 

 

   Stiller, Allison, Usoro, Joshua, Frewin, Christopher, Danda, Vindhya, Ecker, Melanie, 

 Joshi-Imre, Alexandra, Musselman, Kate, Voit, Walter, Modi, Romil, Pancrazio,  

 Joseph, Black, Bryan. “Chronic Intracortical recording and 

 electrochemical stability of thio-lene/acrylate shape memory polymer electrode 

 arrays.” MicroMachines, 2018. 

 

   Usoro, Joshua, Shih, Ellen, Black, Bryan, Rihani, Rashed, Abbott, Justin, Chakraborty, 

 Bitan, Pancrazio, Joseph, Cogan, Stuart. “Chronic stability performance of local field 

 potentials from standard and modified Blackrock microelectrode arrays implanted in 

 the rat motor cortex.” Biomedical Physics and Engineering Express, 2019. 

 

   Kenyon, Lisa, Farris, John, Aldrich, Naomi, Usoro, Joshua, Rhodes, Samhita. “Changes in 

 EEG Activity in Response to Power Mobility Training: A Pilot Project.” 

 Physiotherpay Canada, 2019. 

 

   Rahul Atmaramani, Bitan Chakraborty, Rashed Rihani, Usoro, Joshua, Stuart F Cogan, 

Joseph J. Pancrazio. “Ruthenium oxide based microelectrode arrays for in vitro and in 

vivo recording and stimulation of neural networks.”, Acta Biomaterialia, 2019. 

 

   Stiller, Allison, Usoro, Joshua, Danda, Vindhya, Ecker, Melanie, Sherman, Sydney, Voit, 

 Walter, Black, Bryan, Pancrazio, Joseph. “Assessing Chronic Performance of Softening 

 Intracortical Devices in Rat Cortex.” In: Proceedings of the 2019 Meeting of the Biomedical 

 Engineering Society; 2019 Oct 16-19; Philadelphia, PA. 

 

   Usoro, Joshua, Kung, Christopher, Voit, Walter, Hays, Seth, Pancrazio, Joseph. “Laminar 

 Decoding of the rat forelimb during a knob supination task.”, In: 

 Proceedings of the 2019 Meeting of the Society for Neuroscience; 2019 Oct 19-23; 

 Chicago, IL. 

 

   Rihani, Rashed, Stiller, Allison, Usoro, Joshua, Lawson, Jennifer, Kim, Hyun, Black, 

 Bryan, Pancrazio, Joseph, Ware, Taylor. “Deployable liquid crystal elastomer-based 

 neural probes.” In: Proceedings of the 2019 Meeting of theBiomedical Engineering 

 Society; 2019 Oct 16-19; Philadelphia, PA. 

 

   Rihani, Rashed, Stiller, Allison, Usoro, Joshua, Lawson, Jennifer, Kim, Hyun, Black, 

 Bryan, Pancrazio, Joseph, Ware, Taylor. “Deployable liquid crystal elastomer-based 

 neural probe design.”, Acta Biomaterialia, 2020. 

 

 



 

  

   Stiller, Allison, Usoro, Joshua, Lawson, Jennifer, Araya, Betsiti, Gonzalez-Gonzalez 

 Maria, Alejandra, Danda, Vindhya, Voit, Walter, Black, Bryan, Pancrazio, Joseph. 

 “Mechanically robust softening shape memory polymer probes for intraortical 

 recording.”, Michromachines, 2020. 

 

   Rihani, Rashed, Tasnim, Nishat, Javed, Mahjabeen, Usoro, Joshua, D-Souza, Tania, Ware, 

 Taylor, Pancrazio, Joseph. “Liquid Crystalline Polymers: Opportunities to Shape 

 Neural Interfaces.”, Neuromodulation, 2021. 

 

   Usoro, Joshua, Kung, Christopher, Hays, Seth, Pancrazio, Joseph. “Decoding 

    Neuronal Activity Using a Deep Neural Network to Predict Knob Supination 

    Success.”, IEEE EMBS, 2021. 

 

   Usoro, Joshua, Sturgill, Brandon, Musselman, Kate, Capadona, Jeffrey, Pancrazio, Joseph. 

 “Intracortical microelectrode array unit yield under chronic conditions: A comparative 

 evaluation.”, Micromachines, 2021 (submitted). 

 

   Usoro, Joshua, Dogra, Komal, Abbott, Justin, Cogan, Stuart, Pancrazio, Joseph. 

 “Influence of implantation depth on the performance of intracortical probe recording 

 sites.”, Micromachines, 2021 (submitted). 

 

Teaching Experience 

   Spring 2018: BMEN 3130: “Engineering Physiology”, Dept. Bioengineering, University of 

 Texas at Dallas. Role: Instructor. 

   Fall 2017: BMEN 3380: “Medical Imaging Systems and Methods”, Dept. Bioengineering, 

 University of Texas at Dallas. Role: Teaching Assistant. 

   Fall 2017: BMEN 4320: “Intermediate Electrical Systems”, Dept. Bioengineering, University 

 Of Texas at Dallas: Role: Teaching Assistant. 

   Winter 2016: EGR 106: “Introduction to Engineering”, Dept. Electrical Engineering, Grand 

 Valley State University: Role: Teaching Assistant.  

 

Honors and Awards 

   7/20-present: Scientist Mentoring & Diversity Medical Technology Scholar 

   8/19-present: Excellence in Education Doctoral Fellow 

   5/19-present: Neuroscience Scholars Program Fellow 

   10/18: Graduate Dean’s MAGS Distinguished Thesis Award 

   8/18-5/19: Neuroscience Scholars Program Associate 

   8/18-8/19: Industry Advisory Board Fellow 

   10/16-present: Omicron Delta Kappa Honor Society 

   5/11-8/11: NIH ET CURE Scholar 

   8/09-present: Gates Millennium Scholar 

 

 


