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Abstract

Electrophysiological recording and stimulation are the gold standard for functional mapping 

during surgical and therapeutic interventions as well as capturing cellular activity in the intact 

human brain. A critical component probing human brain activity is the interface material at the 

electrode contact that electrochemically transduces brain signals to and from free charge carriers 

in the measurement system. Here, we summarize state-of-the-art electrode array systems in the 

context of translation for use in recording and stimulating human brain activity. We leverage 

parametric studies with multiple electrode materials to shed light on the varied levels of suitability 

to enable high signal-to-noise electrophysiological recordings as well as safe electrophysiological 

stimulation delivery. We discuss the effects of electrode scaling for recording and stimulation 

in pursuit of high spatial resolution, channel count electrode interfaces, delineating the electrode–

tissue circuit components that dictate the electrode performance. Finally, we summarize recent 

efforts in the connectorization and packaging for high channel count electrode arrays and provide 

a brief account of efforts toward wireless neuronal monitoring systems.

Introduction

Understanding the ongoing dynamics of neural activity in the human brain—how these 

dynamics support function, and how brain activity relates to pathologies—remain one of the 

big-gest challenges of the 21st century. Such an understanding can serve the development of 

treatment paradigms for debilitating neurological disorders, including Alzheimer’s disease, 

epilepsy, multiple sclerosis, paralysis, and traumatic brain injury.1,2 In the United States 

alone, there are more than 53 million people living with a neurological pathology, and 

its impact on the economy is colossal, exceeding US$1.5 trillion annually.3,4 Recent 

multidisciplinary progress has allowed us to attain an informative yet limited understanding 

of how function and disease are presented by the tens of billions of neurons in the human 

brain.5 Critical to our progress in understanding human brain activity are the technological 

advances that resolve and modulate neurophysiological activity, ideally at the cellular level 

though, at this point, most of the research has involved recording from thousands of neurons 
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in large areas of the brain.6,7 However, we are now at an inflection point where technological 

advances in electrodes could fill significant gaps in our spatial and temporal sampling of 

human brain activity.

Of course, there are questions on whether high spatial resolution brain activity sampled 

with high signal-to-noise ratio is needed in recording human brain activity, whether to 

answer neuroscientific questions, or if it has clinical uses. Indeed, many clinical indications, 

to date, are dependent on coarse spatial resolution recording and stimulation electrodes. 

However, we and other groups have been building increasing evidence that high-resolution 

brain recordings at the single cell or local population level could inform us as to the 

neural mechanisms underlying functional and pathological brain activity, including epilepsy, 

cognition, and enable motor control for brain–computer interfaces.8–15 Therefore, advances 

in electrode technologies that provide increased high-resolution activity could be key for 

addressing fundamental neuroscientific problems as well as answering questions around 

pathology that current clinical techniques do not afford.

Currently, brain activity is sampled with noninvasive and invasive tools. Noninvasive 

imaging techniques such as functional magnetic resonance imaging (fMRI), scalp electroen-

cephalography (EEG), and magnetoencephalography (MEG) provide coarse temporal and 

spatial resolution.16 Invasive electrophysiological techniques using stereo-encephalography 

(sEEG) and electrocorticography (ECoG) electrodes provide better temporal resolution, and 

can have high, local spatial resolution or broad brain coverage (Figure 1). Further, for 

some of these devices, direct electrical stimulation can be delivered to examine function as 

well as pathology. sEEG (depth) and ECoG (surface) electrodes are the current standard 

of clinical care in the diagnosis to inform the treatment of epilepsy and brain tumors that 

involves precise surgical procedures and implantation of therapeutic devices.17,18 Yet a 

problem is that the electrodes, or devices, currently used in clinical sampling use materials 

discovered and used for the past 50 years, having primary technical limitations residing 

at a fundamental materials level. The focus of this article is on the electrochemical and 

electrophysiological considerations needed to be addressed to attain high spatial resolution, 

widespread, and high channel count electrode arrays.

Neuroimplantable devices can be classified according to the duration of their use as acute 

(<24 h), semi-chronic (≤30 days), and chronic (>30 days), and the target location of surface 

or depth of the brain (Figure 1a). Acute devices are typically one-time use within the 

operating room (intraoperative) for the mapping of healthy and diseased brain activity (e.g., 

epileptiform activity). Semi-chronic devices are typically used for diagnostic purposes in 

a controlled hospital environment, such as the epilepsy monitoring unit (EMU).19 Some 

chronically implanted devices can be used to deliver targeted therapies to stimulate and 

record ongoing activity for specific neurodegenerative conditions such as Parkinson’s 

disease and epilepsy,20,21 and deliver high-frequency stimulation through epidural spinal-

cord stimulation to manage intractable pain.22

In addition, implantable electrodes can be classified based on whether they are inserted 

into the brain parenchyma or on the surface. Surface ECoG arrays are typically placed on 

the surface of the brain while sEEG or DBS electrodes penetrate the brain tissue to record 
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from neural populations in deep brain structures such as the hippocampus, thalamus, and 

substantia nigra, for the control of seizures, deep brain stimulation for Parkinson’s disease, 

depression, and intractable epilepsy.23–25 There are also surface penetrating electrodes, such 

as the Utah array and nanowire arrays, which provide access to superficial layers of the 

cortex and can record single and multiunit activity in a 4 × 4 mm2 area, laminar arrays26,27 

and Neuropixels probes28,29 with access to activity along cortical layers at high spatial 

resolution. Finally, a recent advance has been the use of stentrodes to record brain activity 

chronically from within blood vessels in the brain.30

The current state-of-the-art technology for surface and depth electrodes illustrates the stark 

contrast between clinically approved devices and cutting-edge technologies, particularly the 

tradeoff between the inter-contact pitch, spatial coverage, and channel count provided by 

the state-of-the-art electrode technologies (Table I; Figure 1b). In general, the tradeoff is 

that higher spatial resolution devices (even those that can be mass-produced) usually cover 

a smaller surface area of the brain whereas current clinical electrodes cover larger areas of 

the brain but are coarse (>4 mm) spatial resolution and require extensive hand assembly. In 

addition, decreasing these metal electrode contact sizes to achieve higher spatial resolution 

results in added 1/f and thermal noise that compromise the recording fidelity. Yet, high 

spatial resolution electrodes such as the Utah array and the Neuropixels probes can reach 

high channel counts up to a few thousand contacts for a relatively small coverage area 

(Figure 1b).31,32 To mitigate this tradeoff, new fabrication and interconnection strategies 

evolved to achieve thousands33–35 to tens of thousands36 of electrode channels in a variety 

of species, including humans.37

Other limitations to achieving high channel count neural interface systems include 

expanding components to acquire, display, and interpret high-dimensional neuronal 

activity. For example, acquisition electronics are required to record and amplify neuronal 

activity transduced by the electrode while simultaneously rejecting noise and external 

disturbances.38 These systems must operate on a low-power budget to ensure the safety 

of the patient, as well as to overcome the limitations in charge-storage and power-

telemetry technology. Further, to be eligible for chronic applications, these devices must 

be hermetically sealed to ensure high-fidelity performance over time in the presence of 

biological agents such as blood and cerebrospinal fluid. The software used to visualize 

neuronal data must handle and display large data sets at high data rates (e.g., 1.96 Gbps 

for 4096 channels at 30 kHz sampling frequency and 16-bit resolution) where automated 

algorithms and dimensionality-reduction techniques become necessary to facilitate real-time 

decision-making for surgical or closed-loop applications.39 These other limitations in the 

back end of the electrode devices are summarized in other review articles.40,41 Here, we will 

primarily focus our discussions on the first stage of data acquisition: electrode technology to 

record and stimulate the neuronal activity.

Recording interfaces

To achieve high density and high coverage recording interfaces, the electrode contact 

dimensions need to scale without substantially increasing its electrochemical impedance. 

The high impedance causes higher 1/f and thermal noise.64 Further, a high electrode 
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impedance and a high parasitic capacitance for metal traces can attenuate the amplitude 

of the recorded signal.65 Further, contacts with impedances com-parable to the parasitic 

capacitance between the metal leads will be more susceptible to crosstalk between 

channels.33,66 Thus, metal leads need to be kept as short as is possible, and the electrode 

contact needs to have as low an impedance as possible.

To illustrate the impact of the electrode impedance on the recording performance, we 

directly compared the performance of three contact materials, titanium (Ti, 1.5 MΩ at 

1 kHz), planar platinum (Pt, 400 kΩ at 1 kHz), and poly(3,4-ethylene-dioxythiophene) 

poly(styrene sulfonate) (PEDOT:PSS, 30 kΩ at 1 kHz) with 30-μm contact diameter and 50-

μm center-to-center spacing (Figure 2c) in the same electrode array to essentially record the 

same neurophysiological activity and perform the same baseline recordings using different 

material contacts. These contacts were placed on the sensory whisker barrel cortex of rats, 

which is responsive to mechanical deflection of the contralateral whiskers. The location of 

the barrel cortex on the anesthetized rat’s brain was predetermined using a high-density 

1024 channel PtNR ECoG array using established procedures in our laboratory.33 We first 

recorded the baseline activity over the barrel cortex without any external stimuli and high-

pass filtered the recordings above 300 Hz to remove the effect of local field potentials 

(LFPs) (Figure 2a). The variance in the signal increases with electrode impedance and is 

highest for the Ti contact, and lowest for the PEDOT:PSS contact, as indicated by the 

RMS of the signal recorded on each contact. With whisker deflections, the response for 

the PEDOT:PSS and Pt contacts were essentially similar, whereas that of the Ti contact 

was smaller, as shown in Figure 2d. For the Ti contact, the impedance becomes nearly 

10% of the input amplifier impedance value (16 MΩ at 1 kHz). Additionally, we also 

observed a delay in the measured response peak across different materials, with the response 

peak on the Ti contact occurring on an average 268 μs after the peak on the PEDOT:PSS 

contact. Although typical neural signal propagation speed can be 0.2–1 m/s, the inter-contact 

separation between the PEDOT:PSS, Pt, and Ti contacts was 50 μm leading to a worst-case 

delay of 50 μs. The delay observed on the Ti contact is significantly higher, which we 

associate with the charging delay across the electrode-amplifier interface67 (Figure 2c).

To further test this, we simulated the effects of extreme scaling of electrode contacts 

across millimeter, micrometer, and nanometer scales (Figure 2e–f).67,68 For the simulations, 

we define the coupling coefficient as the ratio of the recorded signal amplitude to the 

input signal amplitude at the electrode surface (Figure 2g). Though the magnitude of the 

impedance at 1 kHz remains essentially the same at the micrometer and nanometer scales 

due to the dominance of edge effects, we observed a pronounced impact of the capacitive 

and resistive parts of the electrochemical impedance on the coupling coefficient (Figure 2g). 

These results further illustrate that the material surface properties can still have profound 

impact on the recording fidelity at deeply scaled contact dimensions.

The potential for the use of high-density, high channel count arrays in recording neuronal 

activity across a large area of cortex with unprecedented detail has recently been 

illustrated.33 PtNRGrids with 1024 channels resolved the curvilinear nature of the functional 

boundary (FB) between the somatosensory (S1) and somatomotor (M1) regions and 

localized individual finger units by vibrotactile stimulation and high-gamma mapping within 
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the identified S1 region (Figure 3a). Additionally, PtNRGrids resolved novel large-scale 

spatiotemporal dynamics as the subject performed a hand grasping motion (Figure 3b–d). 

The high-density low noise recording of high precision mapping of the brain neurodynamics 

hold the potential to reveal the neuronal underpinnings of normal and diseased brain 

function.

Stimulating interfaces

The pulsed direct electrical stimulation in the brain, the spine, and the peripheral nervous 

system has long been used clinically for both diagnostic and therapeutic applications.69,70 

Electrophysiological stimulation is used acutely for neuromonitoring and functional 

mapping in common surgical procedures71 and chronically to treat neurodegenerative 

disorders such as Parkinson’s disease and Alzheimer’s disease.72 While noninvasive 

stimulation such as transcranial magnetic stimulation73 and transcranial direct current 

stimulation74 has been used for decades in cognitive neuroscience to modulate the neural 

activity in the brain, it provides more coarse spatial resolution neuromodulation than 

invasive direct electrical stimulation.

The impact of the electrode material and its electrochemical impedance is more pronounced 

in stimulation compared to recording. The typical metric used to compare stimulation 

interfaces is the charge-injection capacity (CIC) of the material, which is the total amount of 

charge per unit area of the stimulating contact that can be safely injected in tissue, without 

inducing damage in the tissue, or the stimulating interface itself.75 Typically, the amount 

of charge delivered into tissue is limited by the electrical potential that builds up on the 

stimulating interface, which in turn, is directly proportional to the electrode impedance. 

Therefore, materials with a high geometrical surface area and low impedance materials are 

more suitable for stimulation.

Because stimulation involves the delivery of electrical charge into the tissue, there are 

significantly higher safety con-cerns associated with it compared to passive recording. 

Historically, Shannon’s Equation has been adopted to determine the tissue damage 

thresholds.76 Later studies determined empirical safety limits of 30 μC/cm2 for macro-

contacts and 4 nC/ph for micro-contacts.77,78 Indeed, the variation of the safety limit with 

the media surrounding the electrode needs to be accounted for. The safety thresholds for in 
vivo stimulation in tissue has been determined to be significantly lower than that established 

from benchtop measurements, primarily due to current spread and its impact of the effective 

electrode-medium impedance.79

To understand the parameters that dictate safety in electrophysiological stimulation, we need 

to first understand the electrochemical interface, which participates in the charge-injection 

process. In a typical bipolar stimulation setup in vivo,80 the current is injected from the 

working electrode, and extracted from the return electrode, both of which have an identical 

contact diameter (D), and the separation (S) between the contacts can be varied (Figure 4a). 

The electrode–tissue interface consists of three main components: the capacitive network 

for charge injection formed by the double layer capacitance and the redox branch at the 

interface; the current crowding dictated spreading resistance within the tissue near the 

Vatsyayan et al. Page 6

MRS Bull. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



contact perimeter that faces the contact for current return; and the conduction impedance for 

current flow through the bulk tissue. The values for individual components of the interface 

elements can be calculated from the electrochemical impedance spectra (EIS) of the contact. 

In this setup, we show the magnitude and phase of the electrochemical impedance as a 

function of frequency for different materials at two diameters and for different diameters 

for the same material (Figure 4b–c). It is worth noting that this impedance is nonlinear and 

fractional, depending on the voltage across it and the ionic species present at any given time; 

thus, we must use nonlinear circuit elements, or make a line-arized approximation when 

fitting circuit elements to the EIS.80

The safety threshold for charge injection is determined by the potential buildup at the 

capacitive network at the interface. This network consists of a very thin layer of ions 

within 0.1–1 nm from the surface of the contact where the free charge carriers reside. At 

equilibrium, the capacitive charge screening element of interface is depicted with a constant-

phase element, which describes a nonideal double-layer capacitor CDL, whose reactance 

ZDL has a weaker dependence on frequency compared to ideal capacitors. Current at this 

interface can also be injected directly by charge transfer between the electrode and tissue. 

The direct charge injection is depicted by a resistive charge-transfer element RCT and a 

constant-phase element CF that captures the effect of ion migration to and from the double 

layer, although this motion is limited to the vicinity of the electrode and can participate in 

a redox reaction. The magnitudes of the interface elements vary with the size of the contact 

and with the contact spacing as is thoroughly discussed in Reference 80 (Figure 4d–f).

The difference in the Fermi energy level of the electrode contact and the electrochemical 

potential of the tissue governs the energy barrier for the charge-transfer process. When a 

bias is applied to inject current into the tissue (for voltage clamped stimulation), or when 

an injected current gives rise to a potential buildup at the interface (for current clamped 

stimulation), this energy barrier is overcome with direct charge transfer. The higher the 

applied bias, the more efficient this charge-transfer process is. Consequently, each element 

of the interface is bias-dependent because the stimulation process causes the electrode–

tissue interface to deviate from equilibrium, the operational regime where EIS is typically 

conducted, as seen in the variation of the capacitive elements of the interface with the 

applied bias (Figure 4g).

Electrochemical damage at the stimulating electrode is caused by the excess buildup of 

potential that overcomes the energy barrier for irreversible reactions. Typically, the first 

irreversible reaction observed is the electrolysis of water.81,82 Cyclic voltammetry (CV) 

measurements, in which a voltage excursion is applied on the electrode and the resultant 

current is sampled, are typically carried out to establish the electrolysis window for the given 

material.83 To establish the CIC, a current-clamped square wave stimulation can be applied 

at the electrode, and the resulting excursion potential on the electrode can be measured. 

The current value for which this electrode excursion potential exceeds the electrolysis limit 

determined from the CV measurement is considered the current injection limit Ilimit as 

shown in the dependence of Ilimit with the electrode and stimulation design parameters for a 

bipolar stimulation setup (Figure 5a–c).
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The electrode material primarily determines excursion potential and the current safety limit. 

Low impedance materials such as PtNR and PEDOT have significantly higher current safety 

thresholds compared to planar contact materials such as planar Pt (Figure 5a). As the pulse 

width of the injected current increases, Ilimit decreases, as more charge is injected per phase. 

This change is nonlinear because longer current pulses allow more time for the interface to 

be modified, and the faradic elements of the charge-injection process tend to dominate more. 

Ilimit also varies between benchtop (usually phosphate buffered saline) and in vivo (Figure 

5b) because the interface impedance that depends on the surrounding media is higher in 
vivo. The inter-contact separation for bipolar stimulation also impacts Ilimit. For smaller 

inter-contact separations, the fringing fields are less pronounced, and the double layer is 

more efficient in charge injection. For larger separations, the location of the return contact 

becomes large enough to not impact the working contact, and the nonlinearities due to the 

fringing fields at the working contact tend to dominate thus lowering Ilimit (Figure 5c).

Parametric studies such as those shown in Figures 4 and 5 allowed us to develop a more 

generalized equation predicting the electrochemical safety limits for stimulation.80 The 

potential built up on the electrode–tissue interface as a function of the injected current, pulse 

width and the electrochemical impedance can be expressed as

V elec = a ln b Iinj k2tpw
k4 Zimag

k6 + 1 , 1

where Velec is the potential that builds up on the electrode–medium interface for an injected 

current Iinj, pulse width tpw, and the imaginary part of the electrochemical impedance Zimag. 

The parameters a, b, k2, k4, and k6 are empirically determined parameters that depend on 

the electrode design, the experimental setup, the electrode material, the interface with the 

surrounding media and general variability in the injection process.80 The agreement of the 

model with experimental data in benchtop, as a function of the pulse width, injected current 

and impedance (Figure 6a–b). The electrochemical safety limit predicted by this model 

accounts for a greater set of electrode design parameters and is expressed as

Ilimit = αD−d1k6

b(tpw)k4
e

Emc
a − 1

1
k2 , 2

where d1 captures the variance of the electrochemical impedance with the diameter of the 

electrode, and Emc is the cathodal safety limit established from the CV measurement for 

hydrolysis. The Ilimit predicted by the Shannon’s Equation can be expressed as

Ilimit Sℎannon = D
2tpw

π10k 0.5 . 3

The difference between the safety limits according to the Shannon’s Equation and this 

model shows the safety limits in our model are higher than with the Shannon’s Equation 

(Figure 6c). Equation 2 accounts for material and setup-based parameters that Shannon’s 

Equation does not take into consideration. To validate the applicability of Equation 2, the 

simulated data were verified for a held-out test data set consisting of measured Velec from in 
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vivo experiments in a pig’s cortex, using clinical depth, sEEG, and strip electrodes (Figure 

6d–f).

Although typical electrochemical analyses of stimulation safety consider electrolysis as the 

leading cause of tissue damage and electrode failure, other mechanisms of tissue damage 

exist. Repeated, chronic stimulation below the electrolysis window has been known to cause 

damage to neurons,84 although the precise nature of this damage varies from case-to-case, 

and histological evaluation of the tissue damage is typically necessary for a more complete 

picture of the damage thresholds.

Interconnect and packaging techniques

The approach of individually wiring each contact in clinical electrodes to an external circuit 

has persisted to this day, dating back to the clinical adoption of direct current stimulation 

in awake patients as instrumented by Penfield and described by Cushing.85 Today, touch-

proof connectors are often used to connect neurostimulators or neural recording electronics 

to flexible silicone-embedded electrode arrays. These electrode arrays are robust, easily 

sterilized, and handled by neurosur-geons though they have poor compliance with the brain 

and have extremely poor spatial resolution and channel counts. Furthermore, they require 

technicians to plug in each channel into a port and keep a close record of the order in which 

each channel is plugged into the external electronics control system. For high-resolution 

systems with over tens of channels, this approach is clearly insufficient.

Thin-film fabrication and complementary metal oxide semiconductor (CMOS) fabrication 

techniques have long been capable of producing both rigid and flexible microelectrode 

arrays as well as rigid integrated circuits (ICs) with exceptionally small feature sizes; 

however, the integration of these two has remained a major challenge in the field. In the 

case of flexible polymer substrate-based electrode arrays, their marriage with rigid ICs is 

made difficult in part due to the often-high costs associated with CMOS post-processing 

at the water level, meaning that the fabrication must be done on small, diced samples, 

with increasing difficulty associated with introducing fabrication complexities. However, at 

a more fundamental level, mismatches in mechanical properties between rigid and flexible 

substrates lead to challenges in packaging, yield, and longevity of the implant. Furthermore, 

at a system level, other components beyond a single integrated circuit are typically required, 

making it difficult if not impossible to fabricate the entire system in a monolithic fashion. 

Thus, a common approach has been to fabricate the electrode array and the acquisition 

electronics separately and join them through conductive bonding processes or using high-

density connectors.33,86 Alternative strategies gaining traction recently entail pushing analog 

front end (AFE) circuitry onto the electrode array substrate.32,45 Sharpened or thinned 

silicon substrates enable direct integration of multiplexing circuitry onto the same substrate 

as the electrode array, as in the case of the Neuropixels. However, this comes at the cost of 

restricting the materials and mechanical properties of the electrode arrays to that of single 

crystalline silicon.

By placing active electronics onto the electrode substrate, the burden placed on the 

insulation of said electronics is substantially elevated, and a combination of polymeric 

Vatsyayan et al. Page 9

MRS Bull. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and ceramic films are typically required to achieve robust encap-sulation for chronic 

implants.87–91 This is still an active area of research, and there is an exciting opportunity 

for material and system-level advances to fill this need. One substantial need is for reliable, 

high-density, low impedance electrical feedthroughs through insulation layers. This is a 

challenge for several reasons, including delamination of metal/polymer or metal/ceramic 

layers, dissolution of ceramic materials, and fracture or pinhole defect propagation.

The decision to separate the electrode array from the acquisition electronics has historically 

also made the packaging and hermetic sealing of the active electronics more facile due 

to the physical separation of power supplies and the like from the passive recording 

contacts (and thus the biotic–abiotic interface). Current FDA-approved clinical systems 

often use the touch-proof connector-based Medusa adapter or the Blackrock Neuroport 

Connector used to interface with the Utah Microelectrode Arrays, both of which provide 

long, wired connections from the implanted electrode array to the recording electronics 

(Figure 7a–b). More recently, high channel count flexible parylene-C electrodes from UCSD 

were bonded to rigid extender PCBs using silver epoxy to separate the electrode from 

the recording interface, allowing for the sterilization of the assembled electrode arrays 

without the presence of active circuit elements, thus reducing the burden for packaging 

and sterile-sealing (Figure 7c).33 Although this approach successfully increased the channel 

count and simplified intraoperative translation, it still required routing each electrode contact 

to external acquisition electronics. This routing is the main limiting bottleneck in scaling to 

both higher channel counts and higher densities, with high-density electrode arrays requiring 

multiple metallization layers, adding parasitic capacitance, potentially compromising yield 

and increasing cost and time to fabricate.

To circumvent the 2D routing bottleneck, vertically bonded interconnects on rigid substrates 

enabled massive increases in density and channel counts (Figure 7d–e).43 This was achieved 

through gold microwire crimping directly onto the rigid CMOS substrate, and screws to hold 

the bonding in place. Although this approach has opened up new avenues for drastically 

increasing interconnect densities, the authors relied on stochastic methods coupled with 

microwire insulation thickness estimates to determine spatial maps rather than precisely 

aligning their microwire bundles to CMOS bonding pads. Another recently developed 

approach involved placing thick Ni bumps on a flexible polyimide electrode, and used an 

anisotropic conductive film (ACF) flip-chip bonding process to bond to a custom CMOS 

interface chip (Figure 7f), achieving a very high connector density of 167 channels/mm2.92

Conclusion and future directions

Recent advances in electrode fabrication technology and the realization of microelectrode 

arrays with low impedance have enabled the development of high-density, high channel 

count electrode arrays, improving our ability to record and modulate neuronal activity. 

In this article, we focused on the impact of the electrode materials and fabrication 

meth-odologies for recording and stimulation performance. The long-term stability, the 

mechanical properties, data processing, and biocompatibility infringe other important 

material considerations for electrode design and translation that were not discussed here.
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In addition to the electrode interface with tissue, intercom-nections between the contacts 

on the electrode and the acquisition electronics pose additional technological challenges. 

The intersection between flexible electrode arrays and integrated circuits is inevitable for 

compact connectorization and for high channel count systems. For stimulation and active 

electrode technologies in particular, insulation is a major concern, where leakage and failure 

paths can lead to catastrophic failure of the implant and potential harm to the subjects. 

Thus, there exists an exciting opportunity for novel materials and packaging techniques to 

fill the stringent needs of providing hermetic and robust biocompatible insulation in dense 

form-factors.

As major advances are made in almost every aspect of electrode array technology, several 

new therapeutic and diagnostic avenues will open for the adaptation of these devices. To 

facilitate the adoption of these devices for chronic implants in non-clinical environments, 

there is a need to develop complementary systems that facilitate wireless powering 

and untethered data transmission. This will reduce the risks of infection of the usually 

externalized wires, simplify the mentoring procedure and needed equipment to facilitate 

one-date ambulatory monitoring outside the hospital environment. Therefore, there has 

been a recent push toward developing wireless devices that can simultaneously record 

and stimulate neural activity, for therapeutic applications for Parkinson’s disease94 and 

epilepsy. This necessitates the consideration of electrical power and heat management to 

ensure patient safety, at sufficient data bandwidths and power requirements for managing 

the implants add necessarily important technical considerations and challenges that must be 

overcome. An artistic illustration of how such a system could be implanted and a coarse 

view of its elements are shown in Figure 8, which depicts a multi-thousand channel wireless 

μECoG system that the present authors and collaborators are developing.

Acknowledgments

This work was supported by the National Institutes of Health (NIH) Award No. NBIB DP2-EB029757, 
MH120886-01, and the BRAIN® Initiative NIH Grants R01NS123655-01, K99NS119291, UG3NS123723-01, and 
5R01NS109553-03, and by the National Science Foundation (NSF) Award No. 1728497. This work was performed 
in part at the San Diego Nanotechnology Infrastructure (SDNI) at the University of California, San Diego, which 
is a member of the National Nanotechnology Coordinated Infrastructure and is supported by NSF Grant No. 
ECCS-1542148.

Conflict of interest

The authors declare the following competing interests: Y.T. and S.A.D. have equity in Precision Neurotek Inc. that 
is co-founded by the team to commercialize PtNRGrids for intraoperative mapping. S.A.D. also has competing 
interests not related to this work including equity in FeelTheTouch LLC. S.A.D. was a paid consultant to MaXentric 
Technologies. D.R.C. and K.J.T. have equity in Surgical Simulations LLC. The MGH Translational Research 
Center has clinical research support agreements with Neuralink, Paradromics, and Synchron, for which S.S.C. 
provides consultative input. The other authors declare that they have no competing interests.

Vatsyayan et al. Page 11

MRS Bull. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Biographies

Ritwik Vatsyayan is a doctoral candidate in the Integrated Electronics and Biointerfaces 

Laboratory at the University of California, San Diego. He received his BTech degree 

in electronics and communications engineering from the Indian Institute of Technology 

Guwahati, India, and his MS degree in the medical devices and systems track within the 

Department of Electrical Engineering from the University of California, San Diego. His 

current research is focused on developing safe stimulation paradigms to investigate neural 

tissue using high channel count, clinically translatable electrodes capable of simultaneous 

recording and stimulation at ultrahigh resolutions. Vatsyayan can be reached by email at 

rvatsyay@eng.ucsd.edu.

Jihwan Lee is a doctoral candidate in the Integrated Electronics and Biointerfaces 

Laboratory at the University of California, San Diego. He received his BS degree in 

electrical engineering from The University of Texas at Austin, and his MS degree in 

electrical engineering from the University of California, San Diego. Lee’s current research 

includes designing and fabricating state-of-the-art, high channel count electrocorticography 

and stereo-encephalography (sEEG) probes for use in small and large animals, and in 

human epilepsy patients. His other research interests include designing/fabricating in 
vitro intracellular probes for drug-screening purposes. Lee can be reached by email at 

j8lee@eng.ucsd.edu.

Andrew M. Bourhis is a doctoral candidate at the University of California, San Diego, 

working out of the Integrated Electronics and Biointerfaces Laboratory. He earned his BS 

degree in electrical engineering from Tufts University and his MS degree in electrical 

engineering with a focus on medical devices and systems at the University of California, San 

Diego. His research focuses on designing active circuits and systems on flexible substrates 

for high channel count neural interfaces, focusing on addressing the interconnect bottleneck 

that has held back neural interface channel counts for decades. Bourhis can be reached by 

email at abourhis@eng.ucsd.edu.

Vatsyayan et al. Page 12

MRS Bull. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Youngbin Tchoe is an assistant professor in the Department of Biomedical Engineering at 

Ulsan National Institute of Science and Technology, Republic of Korea. He received his PhD 

degree in physics from Seoul National University, Republic of Korea, in 2018. From 2018 

to 2023, he was a postdoctoral researcher at the Integrated Electronics and Biointerfaces 

Laboratory at the University of California, San Diego, spearheading the development 

of ultrahigh channel, ultrahigh-density brain interface devices using novel materials and 

fabrication techniques. Tchoe can be reached by email at ytchoe@eng.ucsd.edu.

Daniel R. Cleary is a neurosurgeon based in Portland, Oregon. He studied medicine at 

Oregon Health & Science University (OHSU), then completed his residency in neurosurgery 

at the University of California, San Diego, and an F32 postdoctoral fellowship at the 

Integrated Electronics and Biointerfaces Laboratory, and finally returned to OHSU for a 

fellowship in stereotactic and functional neurosurgery. His clinic practice includes treatment 

of patients with diseases such as Parkinson’s disease and essential tremor, and his research is 

focused on the development of novel diagnostic and therapeutic modalities for neurological 

diseases. Cleary can be reached by email at clearyd@ohsu.edu.

Karen J. Tonsfeldt is a BRAIN Initiative K99 Postdoctoral Fellow at the Integrated 

Electronics and Biointerfaces Laboratory, and in the Department of Obstetrics, Gynecology 

and Reproductive Sciences at the University of California, San Diego. She received BS 

degrees in zoology and psychology from Oregon State University and a PhD degree in 

neuroscience from Oregon Health & Science University. She is interested in the application 

of novel neural recording tools to understand temporal patterns of circadian activity in the 

brain. Tonsfeldt can be reached by email at ktonsfeldt@health.ucsd.edu.

Vatsyayan et al. Page 13

MRS Bull. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keundong Lee is a postdoctoral researcher in the Integrated Electronics and Biointerfaces 

Laboratory at the University of California, San Diego. He received his BS and MS degrees 

from the Department of Physics at Konkuk University, Republic of Korea. He received 

his PhD degree from the Department of Physics at Seoul National University, Republic 

of Korea. His current research includes designing and fabricating novel laminar depth 

electrode arrays and addressable flexible surface electrocorticography/light-emitting diode 

devices. His other research interests include designing/fabricating flexible electronic and 

opto-electronic devices. Lee can be reached by email at kel024@eng.ucsd.edu.

Rhea Montgomery-Walsh is a bioengineering MS student in the Integrated Electronics 

and Biointerfaces Laboratory at the University of California, San Diego. She obtained 

her BS degree in engineering psychology from Tufts University, with a focus on assistive 

technology and user-centered design. Her current research focus is on epidural electrical 

stimulation of the rat spinal cord using high-density microelectrode arrays. She has a passion 

for developing technologies that provide treatments for individuals with physical disabilities. 

Montgomery-Walsh can be reached by email at rmontgomerywalsh@ucsd.edu.

Angelique C. Paulk currently works as an instructor in the Department of Neurology at 

Massachusetts General Hospital carrying out research in neurophysiology, neuroscience, and 

behavior leading to treatments in neurological and neuropsychiatric disease. She underwent 

undergraduate and master’s thesis work at Cornell University, a PhD degree from The 

University of Arizona, postdoctoral research from Queensland Brain Institute, Australia, 

and currently works with intracranial data to investigate the mechanisms of how direct 

electrical stimulation alters neural processing and behavior. Paulk can be reached by email at 

apaulk@mgh.harvard.edu.

Vatsyayan et al. Page 14

MRS Bull. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hoi Sang U has been a professor of neurosurgery at the University of California, San Diego, 

for 42 years. He earned his MD degree from the Tufts Medical School and completed 

his residency in neurosurgery at the University of California, San Francisco, Medical 

Center. He pioneered the surgery for arteriovenous malformations in the depth of the brain 

and developed the use of induced barbiturate coma anesthesia. His investigative interests 

centered on the control of neural differentiation/plasticity, and the loss of differentiation 

leading to tumor formation. U studied the use of nerve growth factor as a trophic factor 

for cholinergic cells in primate models of Alzheimer’s disease. His current research at the 

Integrated Electronics and Biointerfaces Labo ratory focuses on novel methods of recording/

modulating neural activities in the brain and spinal cord. U can be reached by email at 

hoisang@hotmail.com.

Sydney S. Cash received his MD and PhD degrees from Columbia University, completed 

his neurology residency and was a chief resident at Massachusetts General Hospital 

(MGH) and Brigham and Women’s Hospital (BWH). He is a neurologist at MGH and an 

associate professor in neurology at Harvard Medical School. He specializes in epilepsy with 

research expertise in cortical microphysiology including investigations of the mechanisms 

of diseases such as epilepsy brain interfaces for improving the lives of people with 

seizures, paralysis, and other neurological difficulties. Cash can be reached by email at 

scash@mgh.harvard.edu.

Shadi A. Dayeh is a professor in the Department of Electrical and Computer Engineering 

at the University of California, San Diego (UC San Diego). He received his BS degree 

in physics/electronics from Lebanese University, Beirut, and his PhD degree in electrical 

engineering from UC San Diego. Dayeh was a Director’s and then a J.R. Oppenheimer 

Distinguished Fellow at Los Alamos National Laboratory. His research focuses on electronic 

materials and translational neurotechnology for improving how we diagnose and treat the 

central nervous system. Dayeh can be reached by email at sdayeh@eng.ucsd.edu.

Vatsyayan et al. Page 15

MRS Bull. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

1. Pollak P, Fraix V, Krack P, Moro E, Mendex A, Chabardes S, Koudsie A, Benabid A-L, Mov. Disord 
17(S3), 575 (2002). 10.1002/mds.10146

2. Chang C-H, Lane H-Y, Lin C-H, Front. Psychiatry 9, 1 (2018). 10.3389/fpsyt.2018.00201 [PubMed: 
29410632] 

3. Taplin ALM, de Pesters A, Bruner P, Hermes D, Dalfino JC, Adamo MA, Ritaccio AL, Schalk G, 
Epilepsy Behav. Case Rep 5, 46 (2016). 10.1016/j.ebcr.2016.03.003 [PubMed: 27408802] 

4. Feigin VL, Vos T, Alahdab F, Maever A, Amit L, Bärnighausen TW, Beghi E, Beheshti M, Chavan 
PP, Criqui MH, Desai R, Dhamminda Dharmaratne S, Dorsey ER, Wilder Eagan A, Elgendy IY, 
Filip I, Giampaoli S, Giussani G, Hafezi-Nejad N, Hole MK, Ikeda T, Owens Johnson C, Kalani 
R, Khatab K, Khubchandani J, Kim D, Koroshetz WJ, Krishnamoorthy V, Krishnamurthi RV, Liu 
X, Lo WD, Logroscino G, Mensah GA, Miller TR, Mohammed S, Mokdad AH, Moradi-Lakeh M, 
Morrison SD, Shivamurthy VKN, Naghavi M, Nichols E, Norrving B, Odell CM, Pupillo E, Radfar 
A, Roth GA, Shafieesabet A, Sheikh A, Sheikhbahaei S, Shin JI, Singh JA, Steiner TJ, Stovner LJ, 
Wallin MT Weiss J, Wu C, Zunt JR, Adelson JD, Murray CJL, JAMA Neurol. 78(2), 165 (2021). 
10.1001/jamaneurol.2020.4152 [PubMed: 33136137] 

5. Herculano-Houzel S, Front. Hum. Neurosci 3, 1 (2009). 10.3389/neuro.09.031.2009 [PubMed: 
19255629] 

6. Chari A, Thornton RC, Tisdall MM, Scott RC, Brain Commun. 2(2), fcaa082 (2020). 10.1093/
braincomms/fcaa082

7. Cash SS, Hochberg LR, Neuron 86(1), 79 (2015). 10.1016/j.neuron.2015.03.058 [PubMed: 
25856488] 

8. Paulk AC, Yang JC, Cleary DR, Soper DJ, Halgren M, O’Donnell AR, Lee SH, Ganji M, Ro YG, 
Oh H, Hossain L, Lee J, Tchoe Y, Rogers N, Kiliç K, Ryu SB, Lee SW, Hermiz J, Gilja V, Ulbert I, 
Fabó D, Thesen T, Doyle WK, Devinsky O, Madsen JR, Schomer DL, Eskandar EN, Lee JW, Maus 
D, Devor A, Fried SI, Jones PS, Nahed BV, Ben-Haim S, Bick SK, Richardson RM, Raslan AM, 
Siler DA, Cahill DP, Williams ZM, Cosgrove GR, Dayeh SA, Cash SS, Cereb. Cortex 31(8), 3678 
(2021). 10.1093/cercor/bhab040 [PubMed: 33749727] 

9. Hochberg LR, Bacher D, Jarosiewicz B, Masse NY, Simeral JD, Vogel J, Haddadin S, Liu J, Cash 
SS, van der Smagt P, Donoghue JP, Nature 485(7398), 372 (2013). 10.1038/nature11076

10. Stead M, Bower M, Brinkmann BH, Lee K, Marsh WR, Meyer FB, Litt B, Van Gompel J, Worrell 
GA, Brain 133(9), 2789 (2010). 10.1093/brain/awq190 [PubMed: 20685804] 

11. Sheth SA, Mian MK, Patel SR, Asaad WF, Williams ZM, Dougherty DD, Bush G, Eskandar EN, 
Nature 488(7410), 218 (2012). 10.1038/nature11239 [PubMed: 22722841] 

12. Yang JC, Paulk AC, Salami P, Lee SH, Ganji M, Soper DJ, Cleary D, Simon M, Maus D, Lee JW, 
Nahed BV, Jones PS, Cahill DP, Cosgrove GR, Chu CJ, Williams Z, Halgren E, Dayeh S, Cash SS, 
Clin. Neurophysiol 132(11), 2916 (2021). 10.1016/j.clinph.2021.06.024 [PubMed: 34419344] 

13. Cash SS, Halgren E, Dehghani N, Rossetti AO, Thesen T, Wang C, Devinsky O, Kuzniecky R, 
Doyle W, Madsen JR, Bromfield E, Erőss L, Halász P, Karmos G, Csercsa R, Wittner L, Ulbert I, 
Science 324(5930), 1084 (2009) [PubMed: 19461004] 

14. Keller CJ, Truccolo W, Gale JT, Eskandar E, Thesen T, Carlson C, Devinsky O, Kuzniecky R, 
Doyle WK, Madsen JR, Schomer DL, Mehta AD, Brown EN, Hochberg LR, Ulbert I, Halgren E, 
Cash SS, Brain 133(6), 1668 (2010). 10.1093/brain/awq112 [PubMed: 20511283] 

15. Schevon CA, Goodman RR, McKhann G, Emerson RG, J. Clin. Neurophysiol 27(6), 406 (2010). 
10.1097/WNP.0b013e3181fdf8a1 [PubMed: 21076338] 

16. Menon RS, Kim SG, Trends. Cogn. Sci 3(6), 207 (1999). 10.1016/S1364-6613(99)01329-7 
[PubMed: 10354573] 

17. Dykstra AR, Chan AM, Quinn BT, Zepeda R, Keller CJ, Cormier J, Madsen JR, Eskandar 
EN, Cash SS, Neuroimage 59(4), 3563 (2012). 10.1016/j.neuroimage.2011.11.046 [PubMed: 
22155045] 

18. Berger MS, Ojemann GA, Epilepsy 58, 153 (1991)

19. Buelow JM, Privitera M, Levisohn P, Barkley GL, Epilepsy Behav. 15(3), 308 (2009). 10.1016/
j.yebeh.2009.04.009 [PubMed: 19362601] 

Vatsyayan et al. Page 16

MRS Bull. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



20. Lee B, Zubair MN, Marquez YD, Lee DM, Kalayjian LA, Heck CN, Liu CY, World Neurosurg. 
84(3), 719 (2015). 10.1016/j.wneu.2015.04.050 [PubMed: 25940211] 

21. Perlmutter JS, Mink JW, Annu. Rev. Neurosci 29, 229 (2006). 10.1146/
annurev.neuro.29.051605.112824 [PubMed: 16776585] 

22. Barolat G, Oakley JC, Law JD, North RB, Ketcik B, Sharan A, Neuromodulation 4(2), 59 (2001). 
10.1046/j.1525-1403.2001.00059.x [PubMed: 22151612] 

23. Bröer S, Front. Syst. Neurosci 14, 581826 (2020). 10.3389/fnsys.2020.581826 [PubMed: 
33381016] 

24. Bourne SK, Eckhardt CA, Sheth SA, Eskandar EN, Mechanisms of deep brain stimulation for 
obsessive compulsive disorder: effects upon cells and circuits. Front. Integr. Neurosci 6, 1 (2012). 
10.3389/fnint.2012.00029 [PubMed: 22319479] 

25. Gadot R, Korst G, Shofty B, Gavvala JR, Sheth SA, J. Neurosurg 137(5), 1210 (2022). 
10.3171/2022.1.jns212613

26. Ulbert I, Heit G, Madsen J, Karmos G, Halgren E, Epilepsia 45(S4), 48 (2004). 10.1111/
j.0013-9580.2004.04011.x

27. Ulbert I, Halgren E, Heit G, Karmos G, J. Neurosci. Methods 106(1), 69 (2001). 10.1016/
S0165-0270(01)00330-2 [PubMed: 11248342] 

28. Chung JE, Sellers KK, Leonard MK, Gwilliams L, Xu D, Dougherty ME, Kharazia V, 
Metzger SL, Welkenhuysen M, Dutta B, Chang EF, Neuron 110(15), 2409 (2022). 10.1016/
j.neuron.2022.05.007 [PubMed: 35679860] 

29. Paulk AC, Kfir Y, Khanna AR, Mustroph ML, Trautmann EM, Soper DJ, Stavisky SD, 
Welkenhuysen M, Dutta B, Shenoy KV, Hochberg LR, Richardson RM, Williams ZM, Cash SS, 
Nat. Neurosci 25, 252 (2022). 10.1038/s41593-021-00997-0 [PubMed: 35102333] 

30. Mitchell P, Lee SCM, Yoo PE, Morokoff A, Sharma RP, Williams DL, MacIsaac C, Howard 
ME, Irving L, Vrljic I, Williams C, Bush S, Balabanski AH, Drummond KJ, Desmond P, Weber 
D, Denison T, Mathers S, O’Brien TJ, Mocco J, Grayden DB, Liebeskind DS, Opie NL, Oxley 
TJ, Campbell BCV, JAMA Neurol. 80(3), 270 (2023). 10.1001/jamaneurol.2022.4847 [PubMed: 
36622685] 

31. Maynard EM, Nordhausen CT, Normann RA, Clin. Neurophysiol 102(3), 228 (1997). 10.1016/
S0013-4694(96)95176-0

32. Jun JJ, Steinmetz NA, Siegle JH, Denman DJ, Bauza M, Barbarits B, Lee AK, Anastassiou CA, 
Andrei A, Aydin C, Barbic M, Blanche TJ, Bonin V, Couto J, Dutta B, Gratiy SL, Gutnisky DA, 
Häusser M, Karsh B, Ledochowitsch P, Lopez CM, Mitelut C, Musa S, Okun M, Pachitariu M, 
Putzeys J, Rich PD, Rossant C, Sun W, Svoboda K, Carandini M, Harris KD, Koch C, O’Keefe J, 
Harris TD, Nature 551(7679), 232 (2017). 10.1038/nature24636 [PubMed: 29120427] 

33. Tchoe Y, Bourhis AM, Cleary DR, Stedelin B, Lee J, Tonsfeldt KJ, Brown EC, Siler DA, Paulk 
AC, Yang JC, Oh H, Ro YG, Lee K, Russman SM, Ganji M, Galton I, Ben-Haim S, Raslan AM, 
Dayeh SA, Sci. Transl. Med 14(628), eabj1441 (2022). 10.1126/scitranslmed.abj1441

34. Chiang C-H, Won SM, Orsborn AL, Yu KJ, Trumpis M, Bent B, Wang C, Xue Y, Min S, 
Woods V, Yu C, Kim BH, Kim SB, Huq R, Li J, Seo KJ, Vitale F, Richardson A, Fang 
H, Shepard K, Pesaran B, Rogers JA, Viventi J, Development of a Neural Interface for High-
Definition, Long-Term Recording in Rodents and Nonhuman Primates, Zenodo 12(8) (2020). 
10.5281/zenodo.3686317

35. Zhao ET, Hull J, Hemed NM, Uluşan H, Bartram J, Zhang A, Wang P, Pham A, Ronchi S, 
Huguenard JR, Hierlemann A, Melosh NA, A CMOS-Based Highly Scalable Flexible Neural 
Electrode Interface (2022), Preprint, bioRxiv. 10.1101/2022.11.03.514455

36. Sahasrabuddhe K, Khan AA, Singh AP, Stern TM, Ng Y, Tadić A, Orel P, LaReau C, Pouzzner 
D, Nishimura K, Boergens KM, Shivakumar S, Hopper MS, Kerr B, Hanna M-ES, Edgington 
RJ, McNamara I, Fell D, Gao P, Babaie-Fishani A, Veijalainen S, Klekachev AV, Stuckey AM, 
Luyssaert B, Kozai TDY, Xie C, Gilja V, Dierickx B, Kong Y, Straka M, Sohal HS, Angle MR,J. 
Neural Eng 18, 015002 (2021). 10.1088/1741-2552/abd0ce [PubMed: 33624614] 

37. Russman SM, Cleary DR, Tchoe Y, Bourhis AM, Stedelin B, Martin J, Brown EC, Zhang X, 
Kawamoto A, Ryu WHA, Raslan AM, Ciacci JD, Dayeh SA, Sci. Transl. Med 14(664), eabq4744 
(2022). 10.1126/scitranslmed.abq4744

Vatsyayan et al. Page 17

MRS Bull. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



38. Harrison R, Harrison R, Watkins P, Kier R, Lovejoy R, Black D, Normann R, Solzbacher F, IEEE 
Int. Solid-State Circuits Conf. Dig. Tech. Pap 42(1), 123 (2006). 10.1109/isscc.2006.1696288

39. Siegle JH, López AC, Patel YA, Abramov K, Ohayon S, Voigts J, J. Neural Eng 14(4), 045003 
(2017). 10.1088/1741-2552/aa5eea [PubMed: 28169219] 

40. Luan L, Robinson JT, Aazhang B, Chi T, Yang K, Li X, Rathore H, Singer A, Yellapantula S, Fan 
Y, Yu Z, Xie C, Neuron 108(2), 302 (2020). 10.1016/j.neuron.2020.10.011 [PubMed: 33120025] 

41. Stevenson IH, Kording KP, Nat. Neurosci 14(2), 139 (2011). 10.1038/nn.2731 [PubMed: 
21270781] 

42. Chiang C-H, Won SM, Orsborn AL, Yu KJ, Trumpis M, Bent B, Wang C, Xue Y, Min S, Woods 
V, Yu C, Kim BH, Kim SB, Huq R, Li J, Seo KJ, Vitale F, Richardson A, Fang H, Huang Y, 
Shepard K, Pesaran B, Rogers JA, Viventi J, Sci. Transl. Med 12(538), eaay4682 (2020). 10.1126/
scitranslmed.aay4682

43. Obaid A, Hanna M-A, Wu Y-W, Kollo M, Racz R, Angle MR, Müller J, Brack-bill N, Wray 
W, Frake F, Chichilnisky EJ, Hierlemann A, Ding JB, Schaefer AT, Melosh NA, Sci. Adv 6(12), 
eaay2789. 10.1126/sciadv.aay2789

44. Khodagholy D, Gelinas JN, Thesen T, Doyle W, Devinsky O, Malliaras GG, Buzsáki B, Nat. 
Neurosci 18(2), 310 (2015). 10.1038/nn.3905 [PubMed: 25531570] 

45. Viventi J, Kim D-H, Vigeland L, Frechette ES, Blanco JA, Kim Y-S, Avrin AE, Tiruvadi VR, 
Hwang S-W, Vanleer AC, Wulsin DF, Davis K, Gelber CE, Palmer L, Van der Spiegel J, Wu 
J, Xiao J, Huang Y, Contreras D, Roger JA, Litt B, Nat. Neurosci 14(12), 1599 (2011). 10.1038/
nn.2973 [PubMed: 22081157] 

46. Escabí MA, Read HL, Viventi J, Kim D-H, Higgins NC, Storace DA, Liu ASK, Gifford AM, 
Burke JF, Campisi M, Kim Y-S, Avrin AE, Van der Spiegel J, Huang Y, Li M, Wu J, Rogers 
JA, Litt B, Cohen YE, J. Neurophysiol 112(6), 1566 (2014). 10.1152/jn.00179.2013 [PubMed: 
24920021] 

47. Ledochowitsch P, Félus RJ, Gibboni RR, Miyakawa A, Bao S, Maharbiz MM, “Fabrication and 
Testing of a Large Area, High Density, Parylene MEMS μECoG Array,” in Proceedings of the 
IEEE International Conference on Micro Electro Mechanical Systems (Cancun, 2011), pp. 1031–
1034. 10.1109/MEMSYS.2011.5734604

48. Molina-Luna K, Buitrago MM, Hertler B, Schubring M, Haiss F, Nisch W, Schulz JB, Luft AR, J. 
Neurosci. Methods 161(1), 118 (2007). 10.1016/j.jneumeth.2006.10.025 [PubMed: 17178423] 

49. Hollenberg BA, Richards CD, Richards R, Bahr DF, Rector DM, Neurosci J. Methods 153(1), 147 
(2006). 10.1016/j.jneumeth.2005.10.016

50. Rubehn B, Bosman C, Oostenveld R, Fries P, Stieglitz T, J. Neural Eng 6(3), 036003 (2009). 
10.1088/1741-2560/6/3/036003 [PubMed: 19436080] 

51. Kaiju T, Doi K, Yokota M, Watanabe K, Inoue M, Ando H, Takahashi K, Yoshida F, Hirata M, 
Suzuki T, Front. Neural Circuits 11, 1 (2017). 10.3389/fncir.2017.00020 [PubMed: 28174523] 

52. Matsuo T, Kawasaki K, Osada T, Sawahata H, Suzuki T, Shibata M, Miyakawa N, Nakahara 
K, Iijima A, Sato N, Kawai K, Saito N, Hasegawa I, Front. Syst. Neurosci 5, 1 (2011). 10.3389/
fnsys.2011.00034 [PubMed: 21347218] 

53. Toda H, Suzuki T, Sawahata H, Majima K, Kamitani Y, Hasegawa I, Neuroimage 54(1), 203 
(2011). 10.1016/j.neuroimage.2010.08.003 [PubMed: 20696254] 

54. Castagnola E, Maiolo L, Maggiolini E, Minotti A, Marrani M, Maita F, Pecora A, Angotzi GN, 
Ansaldo A, Boffini M, Fadiga L, Fortunato G, Ricci D, IEEE Trans. Neural Syst. Rehabil. Eng 
23(3), 342 (2015) [PubMed: 25073174] 

55. Zhao ET, Hull J, Hemed NM, Uluşan H, Bartram J, Zhang A, Wang P, Pham A, Ronchi S, 
Huguenard JR, Hierlemann A, Melosh NA, A CMOS-Based Highly Scalable Flexible Neural 
Electrode Interface (2022), Preprint, bioRxiv. 10.1101/2022.11.03.514455

56. Ho E, Hettick M, Papageorgiou D, Poole AJ, Monge M, Vomero M, Gelman KR, Hanson T, Tolosa 
V, Mager M, Rapport BI, The Layer 7 Cortical Interface: A Scalable and Minimally Invasive 
Brain–Computer Interface Platform (2022), Preprint, bioRxiv. 10.1101/2022.01.02.474656

57. Hotson G, McMullen DP, Fifer MS, Johannes MS, Katyal KD, Para MP, Armiger R, 
Anderson WS, Thakor NV, Wester BA, Crone NE, J. Neural Eng 13(2), 026017 (2016). 
10.1088/1741-2560/13/2/026017 [PubMed: 26863276] 

Vatsyayan et al. Page 18

MRS Bull. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



58. Lee K, Paulk AC, Ro YG, Cleary D, Tonsfeldt KJ, Kfir Y, Pezaris J, Tchoe Y, Lee J, Bourhis AM, 
Vatsyayan R, Martin JR, Russman SM, Yang JC, Baohan A, Richardson RM, Williams ZM, Fried 
SI, U HS, Raslan AM, Ben-Haim S, Halgren E, Cash SS, Dayeh SA, Flexible, Scalable, High 
Channel Count Stereo-Electrode for Recording in the Human Brain (2022), Preprint, bioRxiv. 
10.1101/2022.11.08.515705

59. Chiang C-H, Wang C, Barth K, Rahimpour S, Trumpis M, Duraivel S, Rachinskiy I, Dubey 
A, Wingel KE, Wong M, Witham NS, Odell T, Woods V, Bent B, Doyle W, Friedman 
D, Bihler E, Reiche CF, Southwell DG, Haglund MM, Friedman AH, Lad SP, Devore S, 
Devinsky O, Solzbacher F, Pesaran B, Cogan G, Viventi J, J. Neural Eng 18(4), 045009 (2021). 
10.1088/1741-2552/ac02dc

60. Sellers KK, Chung JE, Zhou J, Triplett MG, Dawes HE, Haque R, Chang EF, J. Neural Eng 18(4), 
045014 (2021). 10.1088/1741-2552/ac1984

61. Musk E, Med J. Internet Res. 21(10), e16194 (2019). 10.2196/16194

62. Pothof F, Bonini L, Lanzilotto M, Livi A, Fogassi L, Orban GA, Paul O, Ruther P, J. Neural Eng 
13(4), 046006 (2016). 10.1088/1741-2560/13/4/046006 [PubMed: 27247248] 

63. Zhao Z, Zhu H, Li X, Sun L, He F, Chung JE, Liu DF, Frank L, Luan L, Xie C, Nat. Biomed. Eng 
7, 520 (2022). 10.1038/s41551-022-00941-y [PubMed: 36192597] 

64. Ganji M, Tanaka A, Gilja V, Halgren E, Dayeh SA, Adv. Funct. Mater 27(42), 1703019 (2017). 
10.1002/adfm.201703019

65. Neto JP, Baião P, Lopes G, Frazão J, Nogueira J, Fortunato E, Barquinha P, Kampff AR, Front. 
Neurosci 12, 715 (2018). 10.3389/fnins.2018.00715 [PubMed: 30349453] 

66. Porto Cruz MF, Vomero M, Zucchini E, Delfino E, Asplund M, Stieglit T, Fadiga L, “Can 
Crosstalk Compromise the Recording of High-Frequency neural Signals?” 2019 9th International 
IEEE/EMBS Conference on Neural Engineering (NER) (IEEE, San Francisco, March 20–23, 
2019), pp. 924–927. 10.1109/NER.2019.8717009

67. Tchoe Y, Lee J, Liu R, Bourhis AM, Vatsyayan R, Tonsfeldt KJ, Dayeh SA, Appl. Phys. Rev 8, 
041317 (2021). 10.1063/5.0052666 [PubMed: 34868443] 

68. Ganji M, Paulk AC, Yang JC, Vahidi NW, Lee SH, Liu R, Hossain L, Arneodo EM, Thunemann 
M, Shigyo M, Tanaka A, Ryu SB, Lee SW, Tchoe Y, Marsala M, Devor A, Cleary DR, Martin 
JR, Oh H, Gilja V, Gentner TQ, Fried SI, Halgren E, Cash SS, Dayeh SA, Nano Lett. 19(9), 6244 
(2019). 10.1021/acs.nanolett.9b02296 [PubMed: 31369283] 

69. Schwalb JM, Hamani C, Neurotherapeutics 5(1), 3 (2008). 10.1016/j.nurt2007.11.003 [PubMed: 
18164479] 

70. Brocker DT, Grill WM, Principles of Electrical Stimulation of Neural Tissue, 1st edn. (Elsevier, 
Amsterdam, 2013). 10.1016/B978-0-444-53497-2.00001-2

71. Koulouris C, Papavramidis TS, Pliakos I, Michalopoulos NA, Polyzonis M, Sapalidis K, 
Kesisoglou I, Gkoutzamanis G, Papavramidis ST, Am. J. Surg 204(1), 49 (2012). 10.1016/
j.amjsurg.2011.05.011 [PubMed: 22169175] 

72. Limousin P, Foltynie T, Nat. Rev. Neurol 15(4), 234 (2019). 10.1038/s41582-019-0145-9 
[PubMed: 30778210] 

73. O’Reardon JP, Solvason HB, Janicak PG, Sampson S, Isenberg KE, Nahas Z, McDonald WM, 
Avery D, Fitzgerald PB, Loo C, Demitrack MA, George MS, Sackeim HA, Biol. Psychiatry 
62(11), 1208 (2007). 10.1016/j.biopsych.2007.01.018 [PubMed: 17573044] 

74. Nitsche MA, Boggio PS, Fregni F, Pascual-Leone A, Exp. Neurol 219(1), 14 (2009). 10.1016/
j.expneurol.2009.03.038 [PubMed: 19348793] 

75. Cogan SF, “In Vivo and In Vitro Differences in the Charge-Injection and Electrochemical 
Properties of Iridium Oxide Electrodes,” in Proceedings of the 2006 Annual International 
Conference of the IEEE Engineering in Medicine and Biology Society (New York, 2006), pp. 
882–885. 10.1109/IEMBS.2006.259654

76. Shannon RV, IEEE Trans. Biomed. Eng 39(4), 424 (1992) [PubMed: 1592409] 

77. McCreery DB, Agnew WF, Yuen TGH, Bullara L, IEEE Trans. Biomed. Eng 37(10), 996 (1990). 
10.1109/10.102812 [PubMed: 2249872] 

78. McCreery DB, Agnew WF, Bullara LA, Ann. Biomed. Eng 30(1), 107 (2002). 10.1114/1.1430748 
[PubMed: 11874134] 

Vatsyayan et al. Page 19

MRS Bull. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



79. Han M, Manoonkitiwongsa PS, Wang CX, McCreery DB, IEEE Trans. Biomed. Eng 59(2), 346 
(2012). 10.1109/TBME.2011.2172440 [PubMed: 22020666] 

80. Vatsyayan R, Dayeh SA, Front. Neurosci 16, 972252 (2022). 10.3389/fnins.2022.972252 
[PubMed: 36277998] 

81. Daubinger P, Kieninger J, Unmüssig T, Urban GA, Phys. Chem. Chem. Phys 16(18), 8392 (2014). 
10.1039/c4cp00342j [PubMed: 24664444] 

82. Ismail NAB, Abd-Wahab F, Wan Salim WWA, “Cyclic Voltammetry and Electrochemical 
Impedance Spectroscopy of Partially Reduced Graphene Oxide - PEDOT:PSS Transducer 
for Biochemical Sensing,” in Proceedings of the 2018 IEEE EMBS Conference on 
Biomedical Engineering and Sciences (IECBES) (Sarawak, 2018), pp. 330–335. 10.1109/
IECBES.2018.8626618

83. van Benschoten JJ, Lewis JY, Heineman WR, Roston DA, Kissinger PT, J. Chem. Educ 60(9), 772 
(1983). 10.1021/ed060p772

84. Bullara LA, McCreery DB, Agnew WF, Yuen TG, Ann. Biomed. Eng 16(5), 463 (1988) [PubMed: 
3189974] 

85. Cushing H, Brain 32(1), 44 (1909). 10.1093/brain/32.1.44

86. Rios G, Lubenov EV, Chi D, Roukes ML, Siapas AG, Nano Lett. 16(11), 6857 (2016). 10.1021/
acs.nanolett.6b02673 [PubMed: 27766885] 

87. Shen K, Maharbiz MM, J. Neural Eng 18(2), 025002 (2021). 10.1088/1741-2552/abd683 
[PubMed: 33624611] 

88. Kirsten S, Schubert M, Braunschweig M, Woldt G, Voitsekhivska T, Wolter K-J, “Biocompatible 
Packaging for Implantable Miniaturized Pressure Sensor Device Used for Stent Grafts: Concept 
and Choice of Materials,” in Proceedings of the 16th Electronics Packaging Technology 
Conference (EPTC) (Singapore, 2014), pp. 719–724. 10.1109/EPTC.2014.7028327

89. Xie X, Rieth L, Caldwell R, Diwekar M, Tathireddy P, Sharma R, Solzbacher F, IEEE Trans. 
Biomed. Eng 60(10), 2943 (2013). 10.1109/TBME.2013.2266542 [PubMed: 23751949] 

90. Hassler C, Boretius T, Stieglitz T, J. Polym. Sci. B Polym. Phys 49(1), 18 (2011). 10.1002/
polb.22169

91. Song E, Li R, Jin X, Du H, Huang Y, Zhang J, Xia Y, Fang H, Lee YK, Yu KJ, Chang J-K, Mei 
Y, Alam MA, Huang Y, Rogers JA, ACS Nano 12(10), 10317 (2018). 10.1021/acsnano.8b05552 
[PubMed: 30281278] 

92. Park S-Y, Na K, Vöröslakos M, Song H, Slager N, Oh S, Seymour JP, Buzsáki G, Yoon E, IEEE 
Trans. Biomed. Eng 69(1), 334 (2022). 10.1109/TBME.2021.3093542 [PubMed: 34191721] 

93. Xie X, Rieth L, Williams L, Negi S, Bhandari R, Caldwell R, Sharma R, Tathireddy P, Solzbacher 
F, J. Neural Eng 11(2), 026016 (2014). 10.1088/1741-2560/11/2/026016 [PubMed: 24658358] 

94. Schalk G, Worrell S, Mivalt F, Belsten A, Kim I, Morris JM, Hermes D, Klassen BT, Staff NP, 
Messina S, Kaufmann T, Rickert J, Brunner P, Worrell GA, Miller KJ, Front. Neurosci 16, 932782 
(2022). 10.3389/fnins.2022.932782 [PubMed: 36601593] 

Vatsyayan et al. Page 20

MRS Bull. Author manuscript; available in PMC 2023 July 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Comparisons between different types of electrodes and the Resolution-Coverage tradeoff. 

(a) Representative positioning of the different electrode types (surface electrocorticography 

[ECoG], depth, and penetrating surface) on the surface of the brain (illustrations 

not to scale). (b) Comparison of the inter-contact pitch, total coverage, and channel 

count offered by the state-of-the-art recording electrodes: 1-PtNRGrids,33 2-Utah 

Array,31 3-Neuropixels,32 4-Neural Matrix,42 5-Paradromics Argo,36,43 6-NeuroGrid,44 

7-Viventi,45 8-Escabi,46 9-Ledochowitsch,47 10-Molina-Luna,48 11-Hollenberg,49 12-

Rubehn,50 13-Kaiju,51 14-Matsuo,52 15-Toda,53 16-Castagnola,54 17-Zhao,55 18- Precision 

Neuroscience,56 19-Ad-Tech Medical Clinical Grid, 20-PMT Corporation Clinical Grid.57 

The dashed region shows the tradeoff between the channel pitch and coverage for devices 

with limited channel count.
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Figure 2. 
Electrode material differences in impedance impact how the neural signal is recorded. (a–

d) Comparison of recorded data from 30-μm diameter Ti, Pt, and PEDOT:PSS electrode 

contacts, sampled at 20 kHz. The three contacts are placed spatially adjacent to each 

other, as shown in the inset of panel (c). (a) Baseline noise recorded from Ti, Pt, and 

PEDOT:PSS electrode contacts in vivo, high-pass filtered at 300 Hz, and the corresponding 

root mean square (RMS) noise recorded on each material for a 20-ms recording. (b) Filtered 

high-gamma activity (70–190 Hz) recorded in vivo on the barrel cortex of a rat in response 

to an air puff stimulation applied on the whisker. The data show the response plotted for 

multiple trials, with the average trial-averaged waveform plotted in bold for each material. 

(c) The corresponding signal-to-noise ratio (SNR) of the three materials extracted from the 

results plotted in (a) and (b). (d) The trial-averaged response measured on each material, 

comparing the relative variation in the maximum amplitude measured on each material, 

aligned to the onset of air stimulation. The inset shows the average delay in the positive peak 

of the response on the Pt (89.5 μs) and Ti (268 μs) contacts, with respect to the PEDOT 

contact. (e) Optical and electron microscope images of nanowire, microwire, and millimeter 

wire electrodes used to study the variation of the (f) 1 kHz impedance, in benchtop 

measurements, for different electrode contact materials. (g) The variation of the coupling 

coefficient as a function of the equivalent R and C at the electrochemical interface.67
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Figure 3. 
Recorded activity using a high-density, high channel count PtNRGrid placed on the surface 

of a human brain during a craniotomy. (a) Overlay plot of high-gamma activity sensory 

responses superimposed on top of a photo of the surface of a patient’s brain, in response 

to vibrotactile stimulation of individual fingers of the patient. Functional boundary (FB). 

(b–d) The patient is asked to perform a grasping task using the hand, and the measured 

propagating beta waves and waveforms are plotted across the central sulcus (CS) in the (b) 

planning stage of the motion, (c) during the motion, and (d) after the completion of motion 

of a patient’s hand. The red and blue streamlines originate from the sensory (S) and motor 

(M) cortices, respectively. The background color represents the amplitude of the beta wave 

potential, and the arrowheads indicate the propagating direction of the beta waves. Bottom 

plots are raw waveforms around the time stamps of (b) to (d), with the arrowheads indicating 

the propagation direction of the beta waves.33
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Figure 4. 
Direct electrical stimulation via intracranial electrodes to drive neural activity and the effects 

of electrode material and size on the measured impedance spectra. (a) The equivalent 

circuit model for current injection in vivo, showing the individual elements of the electrode–

tissue interface that participate in the charge-injection process individually delineated. 

(b) Material- and (c) diameter-dependent electrical impedance spectra (EIS) in benchtop 

measurements. The diameter dependence of the (d) double layer impedance, (e) charge-

transfer resistance, and (f) faradic impedance. (g) The bias-dependent variation of the 

electrochemical interface elements in benchtop.80
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Figure 5. 
Dependence of maximum injectable current on stimulation design parameters. Maximum 

injectable current as a function of (a) pulse width for 200-μm PtNR, PEDOT:PSS, and planar 

Pt contacts, (b) diameter for a 200-μs pulse for in vivo (rat) and benchtop placement, (c) 

pulse width for a 200-μm PtNR contact for different inter-contact separations.80
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Figure 6. 
(a) The agreement between the modeled and simulated data for the cathodal excitation as 

a function of the pulse width and current. (b) The agreement between the modeled and 

simulated data for the cathodal excitation as a function of the current and impedance. (c) 

The safety limits predicted by the predictive equation compared to the limits proposed by 

Shannon’s Equation. (d–f) The fitting results for the cathodal excitation measured on the 

pig’s cortex using clinical electrodes, plotted as a function of the input current and pulse 

width, for (d) depth, (e) stereo-encephalography (sEEG), and (f) surface strip electrodes.80
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Figure 7. 
Connectorization to clinical and high channel count electrodes. (a) Example of commonly 

used connectors for current clinical electrodes. Each channel on these electrodes is 

individually routed to leads, which makes this approach unscalable for high channel 

counts. (b) Currently clinically adopted connector technologies developed by Blackrock 

Neurotech, for human implants using the Utah Microelectrode Arrays (Cereplex I-128 

Implantable Electrode and Amplifier—© 2023 Blackrock Neurotech, LLC).93 (c) University 

of California, San Diego’s (UCSD) PtNRGrids use conventional land grid array (LGA)-

type connectors and custom-built high-density Ironwood connectors to bond the flexible 

electrode to an extender printed circuit board to allow high-density connections to 

acquisition electronics. (d) IMEC Neuropixels provides 960 channels for recording and 

uses an integrated connector with a complementary metal oxide semiconductor (CMOS) 

digital neural probe integrated to the on-chip circuitry.32 (e) Paradromics Argo’s integrated 

connector vertically bonds interconnects on rigid substrates, allowing ultrahigh-density 

multi-thousand channel devices.43 (f) Flip-chip bonding technique developed at the 

University of Michigan–Ann Arbor using anisotropic conductive film (ACF) bonding 

technique to bond flexible substrates to CMOS chips, yielding a connection density of 167 

channels/mm2.92 LNA, low-noise amplifier.
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Figure 8. 
Schematic of a human-grade high-density, high channel count electrode array with a 

wireless acquisition system with simultaneous recording and stimulation capabilities for 

chronic implants, currently under development by the present authors and collaborators.
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