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Translational Neuroelectronics

Patricia Jastrzebska-Perfect, Shilpika Chowdhury, George D. Spyropoulos, Zifang Zhao, 
Claudia Cea, Jennifer N. Gelinas,* and Dion Khodagholy*

Neuroelectronic devices are critical for the diagnosis and treatment of 
neuropsychiatric conditions, and are hypothesized to have many more 
applications. A wide variety of materials and approaches have been utilized 
to create innovative neuroelectronic device components, from the tissue 
interface and acquisition electronics to interconnects and encapsulation. 
Although traditional materials have a strong track record of stability and 
safety within a narrow range of use, many of their properties are suboptimal 
for chronic implantation in body tissue. Material advances harnessed to form 
all the components required for fully integrated neuroelectronic devices hold 
promise for improving the long-term efficacy and biocompatibility of these 
devices within physiological environments. Here, it is aimed to provide a 
comprehensive overview of materials and devices used in translational neuro-
electronics, from acquisition and stimulation interfaces to methods for power 
delivery and real time processing of neural signals.
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provide an overview of the electrical and 
chemical signals that contribute to diag-
nosis of neurologic disease and the cur-
rent modalities available for treatment 
(Figure  1A–F). Advancements to all facets 
of these processes can improve clinical care 
of patients with neuropsychiatric diseases.

1.1. Diagnostics and Biomarkers

Understanding neurological disorders can 
be achieved using a range of biological 
indicators in different neurological sys-
tems. Though noninvasive diagnostics 
are possible, high resolution information 
is often collected using invasive electrical 
and chemical measurements.

1.1.1. Brain

Although individual neurons in the brain communicate via 
action potentials, these signals can only be detected and their 
origin tagged to a specific neuron by miniaturized recording 
electrodes that are located within hundreds of micrometers 
from the cell.[1] The material and procedural requirements of 
acquiring such data on a scale that is relevant to brain function 
have thus far precluded its use in clinical diagnostics. Due to 
the organization of brain neurons into layers and nuclei, higher 
amplitude electrical signals are generated by incoming synaptic 
activity to a large population of neurons. Such signals undergo 
spatial summation and can be detected at much greater dis-
tances from the neurons as oscillatory patterns and waveforms 
ranging between 0.5 and 500 Hz.[2] Many characteristics of 
brain function can be gleaned from acquiring these electrical 
potentials, with the spatial and temporal resolution of the data 
dependent on whether it is recorded from the surface of the 
scalp, surface of the brain, or within brain tissue.

Noninvasive: Noninvasive methods of recording brain activity 
are frequently used in clinical neurology, and include electro-
encephalography (EEG) and magnetoencephalography (MEG).

In the case of EEG, 19 electrodes are placed at standardized 
positions on the surface of the scalp to detect fluctuations in 
voltage in the range of 10–100 µV. Oscillatory activity with a fre-
quency of greater than 40 Hz is typically difficult to resolve with 
EEG due to its restricted spatial distribution and low signal 
amplitude. With advanced signal processing techniques, it is 
sometimes possible to detect high frequency patterns,[3] but 
these approaches are not yet commonly employed in clinical 

1. Clinical Applications of Neuroelectronics

To appropriately diagnose and treat disorders of the nervous 
system, it is critical to be able to accurately sense signals from 
the body that indicate the nature of the dysfunction and subse-
quently interact with the body to ameliorate the dysfunction and 
restore a physiologic state. Components of the nervous system 
communicate using electrical and chemical signals, which can 
be manipulated to achieve therapeutic effects. Therefore, the 
potential for use of bioelectronic devices to acquire, process, 
and alter neurophysiological signals is high. We will first briefly 
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practice. In addition, electrical potentials that involve a small 
area of neural tissue, or are located deep within the brain, do 
not appear on EEG. It has been estimated that up to 6 cm2 of 
neural tissue must be relatively synchronously active to gen-
erate patterns that are visible on EEG.[4] Because many different 
configurations of electrical potential patterns within the brain 
could generate a similar appearance on the surface, EEG also 
suffers from the “inverse problem” (whereby multiple combina-
tions of a set of parameters may result in the same outcome), 
leading to the potential for inaccurate localization of EEG sig-
nals to brain structures.[5] Despite these limitations, EEG is a 
powerful tool for acquiring real-time information about brain 
function. The most common EEG diagnostic applications are 
in epilepsy, altered states of consciousness, and brain lesions. 
EEG is the first-line investigation when a diagnosis of epilepsy 
is considered, because the hypersynchronous neural firing 
patterns characteristic of this disease are often apparent.[6] 
Capturing epileptic activity on EEG facilitates classification of 
a patient’s epilepsy and can guide the most appropriate treat-
ment. However, EEG offers insufficient spatiotemporal reso-
lution for localization of epileptic brain regions in a subset of 
patients who may require invasive monitoring (see below) to 
enable the most appropriate treatment. In patients with altered 
mental status, EEG can suggest brain structures most affected, 
provide clues as to the cause of the patient’s symptoms, and 
in some cases provide prognostic information about how likely 
the patient is to recover from a neurologic insult.[7] Focal brain 
lesions result in slowing of oscillation frequencies on EEG, but 
the role of this diagnostic modality has decreased with the wide-
spread availability of computerized neuroimaging. For all of 
these clinical scenarios, patients often require prolonged EEG 
monitoring (days to weeks) to capture appropriate diagnostic 
information, monitor response to treatment, and/or allow for 
early detection of neurologic complications in critical illness.[8] 
Therefore, the ability to stably record high quality EEG without 
causing side effects, such as skin breakdown at sites of elec-
trode placement, is highly clinically desirable.

MEG acquires the magnetic rather than electric signals gen-
erated by population activity of neurons in the brain. Because 
the magnetic field is orthogonal to the electric field, MEG is 
better able to detect signals arising from fields that are tan-
gential to the scalp. It is also less attenuated by the structures, 
cerebrospinal fluid, dura, skull, subcutaneous tissue, located 
between neurons and recording electrodes. Clinically, MEG has 
been mainly used to supplement and refine the localization of 
epileptic foci within the brain.[9]

Invasive: Some patients with focal epilepsy that is refractory 
to treatment with medicatins have the potential to benefit from 
surgical resection of the brain tissue responsible for generat-
ing seizures. When the combination of seizure manifestations, 
noninvasive electrophysiologic studies, and neuroimaging are 
insufficient to clearly define where this tissue is located or its 
boundaries, invasive monitoring of brain signals is consid-
ered.[10] Intracranial EEG (iEEG) involves placing electrodes on 
the cortical surface, in the form of grid arrays or strips, and/
or inserting electrodes in the form of a rigid shank with mul-
tiple contacts directly into brain tissue. These electrodes may be 
placed acutely for a short time during a neurosurgical procedure 
to guide tissue resection and allow intraoperative monitoring, 

or semichronically for a period of up to two weeks during which 
time the patient remains in the hospital. iEEG has the benefit 
of enhanced spatiotemporal resolution, and permits more pre-
cise localization of epileptic activity than noninvasive methods[11] 
and may help to characterize dysfunction of the interictal neural 
network.[12] Current clinical iEEG technology does not permit 
acquisition of action potentials despite the proximity to brain tis-
sue, but high frequency oscillations (several hundred Hz) can be 
reliably detected and used to aid localization of epileptic foci.[13] 
Evidence suggests that the ability to detect action potentials 
could improve this localization further, but no clinical trials of 
devices with this capacity have been performed, so the practical 
benefit to patients is unknown.[14] iEEG does carry more risk, 
with 1–4% of patients experiencing a complication related to the 
procedure such as bleeding, brain swelling, and infection.[15] As 
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such, advancements that improve the spatiotemporal resolution 
of iEEG and decrease the associated morbidity are critical for 
improving care of patients who require this procedure.

1.1.2. Muscle

Muscle function is assessed by needle electromyography 
(EMG), a procedure that involves insertion of a concentric 
or monopolar needle through the skin and into a muscle to 
record muscle fiber action potentials. The amplitude, waveform 
duration and number of phases, firing rate and pattern, and 
stability of the action potentials identify when neurologic dis-
eases involve motor neurons, motor nerves, or muscle. These 
properties typically identify the disease type, narrowing further 
investigations to establish a specific diagnosis.[16] In the case of 
a neuromuscular disorder, repeated studies over time can track 
disease progression or recovery.[17] Because sufficient spati-
otemporal resolution can only be acquired by using penetrating 
electrodes, EMG is difficult to perform in patients who cannot 
tolerate the discomfort associated with it, such as children.

1.1.3. Nerve

Nerve function can be assayed by applying electrical stimu-
lation through electrodes placed on the skin to elicit action 

potentials (nerve conduction studies, NCS). The combined 
action potential response is recorded using electrodes placed 
on the skin over muscle (motor nerves) or the course of a 
cutaneous nerve (sensory nerves). Analyzing the amplitude of 
the response provides insight into the number of axons that 
are conducting between the stimulating and recording points.  
The latency of the response after stimulation provides an esti-
mate of the conduction velocity of the nerve, and the dura-
tion of the waveform adds information regarding how action 
potentials are being conducted along the nerve.[18] NCS provide 
important diagnostic information when patients experience 
motor and sensory symptoms, identifying loss of nerve fibers 
or impaired ability to conduct action potentials. When a disease 
process affecting the nerves is diagnosed, such as a demyeli-
nating condition or toxic exposure, NCS can also be used to 
track recovery over time.[19]

1.1.4. Spinal Fluid Examination

Direct examination of the cerebrospinal fluid (CSF), which 
protects and chemically communicates with brain and spinal 
cord tissue, has been critical for diagnosis and management 
of neurologic disease for over a century. It is most useful in 
identifying intracranial infection, bleeding, cancer, metabolic 
disorders, and changes in intracranial pressure. Because 
obtaining CSF requires performing an invasive procedure, 
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Figure 1.  Common neurological clinical intervention approaches. A) Deep-brain stimulation (DBS) involves an implantable electrode connected to 
a remotely placed stimulator through leads routed subcutaneously. B) Vagal nerve stimulation (VNS) involves an electrode cuff wrapped around the 
vagus nerve and connected to an implanted stimulator. C) Transcranial magnetic stimulation (TMS) involves placement of magnetic coils above a brain 
region to be stimulated. D) Transcranial electrical stimulation (TES) involves placement of electrodes on the scalp over a brain region to be stimulated. 
E) Implantable pumps allow for localized, controlled drug delivery to the nervous system. F) Systemic drug delivery requires pharmacologic agents to 
undergo first pass metabolism and cross the blood–brain barrier before being able to modulate the central nervous system.
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lumbar puncture, the amount of fluid available for analysis 
and the capacity for serial sampling using current techniques 
is limited. Quantification of red and white blood cells, pro-
tein, and glucose within the CSF is typically performed, along 
with culture or immunologic studies looking for the presence 
of microorganisms. Studies aimed at identifying disorders of 
neurometabolism or autoimmunity can also be performed. 
Importantly, changes in these values over time are often critical 
to assay response to treatment, such as in patients receiving 
antivirals to treat encephalitis or those undergoing chemo-
therapy for brain cancer.[20] Bioelectronic devices capable of 
serially sampling small amounts of CSF and providing trends 
in quantification of key assays would prevent the requirement 
of performing multiple invasive procedures in these often criti-
cally ill patients.

1.2. Intervention and Treatment

1.2.1. Chemical Treatment

The majority of neurologic diseases are currently treated with 
medications. However, several challenges are encountered 
when trying to produce a desired pharmacologic response in 
the central nervous system. First, drug concentration within the 
brain is dependent upon the method of administration. Orally 
administered drugs can be extensively metabolized in the liver 
(first-pass metabolism) before reaching the brain, resulting in 
up to 75% of the administered dose never accessing systemic 
circulation.[20] Some drugs can be designed for sublingual, 
intranasal, or transdermal administration to avoid first-pass 
metabolism, but in order to reach brain tissue they still must 
cross the blood–brain barrier. The endothelial cells that make 
up the blood–brain barrier are tightly sealed to one another, 
preventing diffusion of most substances from blood into the 
brain. Drugs that are lipophilic, nonpolar, and have small mole-
cular weight are most likely to cross the blood–brain barrier. 
Even if this barrier is crossed, the brain possesses carrier-medi-
ated efflux systems that transport a wide variety of substances 
out of the brain, limiting drug accumulation.[21,22] To bypass 
the blood–brain barrier, drugs can be injected intrathecally 
(directly into the cerebrospinal fluid). This approach requires 
a lumbar puncture to be performed, and the associated pain 
and procedural risks limit its use to life-threatening conditions, 
such as pediatric leukemia, that involve the central nervous 
system.

Implantable drug delivery systems can circumvent some 
of these challenges, and offer opportunities for application of 
bioelectronic devices. Programmable pumps, such as the Syn-
chroMed Intrathecal Pump by Medtronic PLC, are used to 
chronically deliver medications for pain and spasticity man-
agement.[23] The pump is implanted subcutaneously in the 
abdomen, with a small tube placed in the intrathecal space. 
The drug is continuously administered at a low rate, but some 
pumps can now be programmed by external magnetic signals 
to allow adjustment of flow. These pumps store 20–40  mL of 
drug and are refilled through a catheter access port. They also 
need to be surgically replaced every 4–7 years based on battery 
life.[24] Miniaturized, soft devices capable of providing localized, 

on-demand drug delivery could substantially improve care of 
patients requiring ongoing pharmacologic therapy.

1.2.2. Electromagnetic Treatment

Electromagnetic stimulation has been applied to treatment of 
various neuropsychiatric symptoms and conditions. Devices to 
provide electrical stimulation can be categorized as either open-
loop or closed-loop. Open-loop stimulation is applied as per a 
predesigned protocol that is not modified by ongoing signals 
from the body, while closed-loop stimulation features are deter-
mined according to feedback provided from body signals.

Open Loop: Open-loop neurostimulation technologies are 
commonly employed to treat chronic pain, theoretically func-
tioning by attenuating conduction of the pain signal or increas-
ing local inhibition.[25] Stimulators can be implanted epidurally 
to target the spinal cord, as well as within or on the surface of 
subcutaneous tissue to target peripheral nerves. Substantial 
evidence supports the efficacy of these approaches in treating 
chronic, medically refractory pain related to cancer, neuropathy, 
and nerve injuries.[26] Vagus nerve stimulation (VNS), accom-
plished by an implanted device that applies pulses of stimula-
tion to the axons of the nerve in the neck, has widespread effects 
on neuronal excitability and can decrease the occurrence rate of 
seizures in a select group of patients with medically refractory 
epilepsy.[27] Similar devices can be placed over the skin to pass 
current over a targeted muscle or group of muscles with the 
goal of contracting the muscle and preventing disuse atrophy in 
conditions where the muscle must be immobilized, such as limb 
casting or hip replacement surgery.[28]

Noninvasive stimulation of the brain can be accomplished 
using either electrical or magnetic stimulation, with devices 
placed on the scalp over the brain region of interest during 
the epoch of treatment. Although the mechanisms underlying 
these stimulation approaches are incompletely understood, they 
are thought to activate or inhibit action potential generation 
depending on the parameters of stimulation applied.[29] Tran-
scranial electrical stimulation (TES) is considered investiga-
tional for all purposes, but studies of its efficacy are ongoing for 
medical conditions including headaches, pain, insomnia, anx-
iety, and substance abuse treatment.[30] Transcranial magnetic 
stimulation is also under investigation for many of these dis-
orders, but has only been approved for treatment of refractory 
major depressive disorder[31] (NeuroStar TMS Therapy System) 
and obsessive-compulsive disorder[32] (BrainsWay Deep TMS). 
Many studies employing TES and TMS have low numbers of 
subjects as well as heterogeneous technologies and protocols.

Deep brain stimulation (DBS) is an invasive approach that 
involves chronic implantation of a device that delivers elec-
trical pulses to specific brain areas. Such devices are com-
prised of a pulse generator, usually implanted near the clavicle 
or in the abdomen, that is connected by subcutaneous wiring 
to leads that are inserted into the brain. The pulse generator 
can be programmed to deliver continuous or diurnally varying 
stimulation. Most conventional DBS systems use cylindrical 
electrodes that deliver omnidirectional stimulation and there-
fore affect neurons around the circumference of the electrode. 
More recently, directional electrodes have been developed in 
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an attempt to minimize side effects caused by stimulation of 
off-target brain areas[33] (St. Jude Medical Infinity DBS System, 
Vercise DBS System). DBS that targets the basal ganglia, a key 
center for motor control, results in clinically significant reduc-
tion in symptoms for patients with Parkinson’s disease, essen-
tial tremor, and primary dystonia.[34–36] Studies are ongoing for 
patients with epilepsy, multiple sclerosis, treatment resistant 
depression, obsessive-compulsive disorder, Tourette’s syn-
drome, and even drug addiction, but there is currently insuf-
ficient evidence for widespread clinical use.

In all cases, materials and devices that improve the efficacy 
of stimulation, decrease the cost per subject, minimize side 
effects, and simplify routine use of the technology would be 
expected to improve the quality of clinical studies and perhaps 
expand the applicability of these approaches to a broader range 
of disorders.

Closed Loop: Closed-loop stimulation therapies have the 
advantage of providing treatment only when a biomarker of 
neurologic disease is detected. This type of approach potentially 
improves the efficacy of several open-loop interventions and  
decreases associated side effects.[37]

For instance, when the spinal cord stimulation parameters 
are tuned based on body posture information that is acquired 
by an accelerometer, patients with intractable neuropathic 
pain often experience improved pain relief.[38] Closed-loop 
vagal nerve stimulation (AspireSR) triggered by increases in 
heart rate associated with seizures is approved for clinical use, 
and may improve efficacy over conventional VNS in selected 
patients.[39] Automated triggering of DBS based on brain sig-
nals recorded from the basal ganglia in patients with Parkin-
son’s disease (Activa, Medtronics PC+S neurostimulator) may 
also improve outcomes and increase device battery life.[40] 
Closed-loop therapy used to abort seizures based on intracranial 
detection of electrophysiologic seizure patterns (NeuroPace) 
has demonstrated clinical safety and efficacy in reduction of 
seizure frequency in selected patient populations, in contrast 
to open-loop approaches that have been mostly ineffective.[41,42] 
Therefore, the ability to transform open- to closed-loop thera-
pies holds promise for better patient outcomes. However, this 
process is beset by challenges related to accurate sensing of rel-
evant biomarkers and implantation of electronic components 
capable of performing signal processing, most of which are 
nonbiocompatible and therefore require strong encapsulation 
in physiological environments.

Substantial effort is also dedicated to devices aimed at facili-
tating patient movement rather than controlling neurologic 
symptoms. For many patients who have lost mobility due to 
injury of the limbs or spinal cord, amyotrophic lateral scle-
rosis, or brainstem stroke, closed-loop devices offer the pos-
sibility of restoring independence and improving quality of 
life. Here, electronics are interfaced with either the central or 
peripheral nervous system to translate movement intent into 
physical manifestation. Noninvasive approaches involve the use 
of microcomputer-controlled electrical pulses applied through 
electrodes placed on the skin over targeted nerves and muscles. 
For example, devices have been developed that assist gait abnor-
mality due to dysfunction of a peripheral nerve in the leg by 
sensing onset of gait using a sensor worn in the shoe, triggering 
cutaneous nerve stimulation to increase dorsiflexion through a 

cuff worn below the knee (WalkAide, Bioness NESS L300). The 
Parastep ambulation system uses a similar approach to initiate 
a sequence of muscle contractions in the lower extremities that 
enable a patient with lower spinal cord injury to stand, sit, and 
take steps. Prostheses can also be integrated with functioning 
nerves or muscles in patients with limb amputations to restore 
distal motor function of the extremity.[43] To enable a greater 
diversity of controllable movements in patients with brain or 
spinal cord diseases, high spatiotemporal resolution brain sig-
nals are required, necessitating invasive implantation of devices 
into brain tissue. Typically, microelectrode arrays (96 channels, 
Blackrock Microsystems)[44] have been implanted into motor or 
parietal cortex, with acquired signals used to control a variety 
of effectors, from a keyboard to robotic limb (LUKE arm, mod-
ular prosthetic limb)[45] or exoskeleton (CLINATEC BCI plat-
form).[46] These systems encounter challenges in maintaining 
consistent, chronic recording of the brain signals required to 
operate the devices, require intensive training before effective 
use begins, and are difficult to operate outside of a clinical envi-
ronment (e.g., in the home). Furthermore, the devices are cur-
rently unable to integrate sensory feedback, which is crucial for 
tuning and adjustment of motor movements.

As our understanding of the nervous system and its patho-
physiology progress, potential applications for bioelectronic 
devices to diagnose and treat neuropsychiatric diseases are 
increasingly hypothesized. However, appropriate clinical testing 
of these hypotheses requires new approaches to the material 
design of bioelectronic devices to optimize efficacy and mini-
mize potential risks. Here, we address each main component of 
bioelectronic devices and discuss advances that could improve 
translation to clinical use.

1.3. Clinical Development

The Food and Drug Administration (FDA) provides documen-
tation outlining approval requirements for neurological devices. 
The basic process of neural device development for clinical use 
involves formalizing the device design and fabrication, estab-
lishing sterilization protocols, completing Institutional Review 
Board (IRB) approval at investigators’ institutions (where the 
device is to be tested or used outside of FDA oversight), and 
ultimately acquiring FDA approval. Medical devices require 
stringent testing before commercialization, which is governed 
by the Center for Devices and Radiological Health (CDRH) 
within the FDA. Further, neurotechnology devices are primarily 
reviewed by the Division of Neurological and Physical Medi-
cine Devices (DNPMD).[47] The process of registering a medical 
device involves regulation commensurate with risk associated 
with device use, classified as Class I, II, or III in order of esca-
lating risk. Class I devices are often simple in design and have 
minimal potential risk to the patient. Very few neurological 
devices hold this classification, though ventricular needles and 
anvils used to form skull plates fall in this category.[48] Nonin-
vasive neurological devices such as biofeedback and diagnostic 
EEG sensors and some invasive devices such as neurostimula-
tors fall under Class II devices because they require regulation 
beyond general controls. These special controls include label-
ling requirements, performance standards, and postmarket 
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surveillance. Finally, devices that are implanted or life-sus-
taining fall under Class III, such as deep brain stimulators. 
These devices involve general controls and premarket approval 
activities that include clinical trials. The regulations that are 
associated with each class of device assure safety and effective-
ness and are governed by Code of Federal Regulations (CFR) 
Title 21 for general device types and 21 CFR Part 882 and 890 
for neurological and physical medicine devices, respectively.

2. Functional Pillars of Neuroelectronics

2.1. Acquisition Materials and Devices

The overall goal of acquiring neural signals is to be able to 
decode the neural syntax, detect dysfunction, and correct or even 
prevent this dysfunction. Complicating this goal is the fact that 
information is processed in the brain at different spatial and 
temporal resolutions. On the millisecond time scale, an action 
potential is the unit of communication between individual neu-
rons. Action potentials are generated when a sufficient number 
of neurotransmitter-gated ion channels within the neuronal 
cell membrane are opened, resulting in a large change in the 
electric potential across the membrane in a spatially restricted 
region. This ion-mediated electrical potential becomes self-sus-
taining and propagates down the neuron’s axon due to activa-
tion of adjacent voltage-gated ion channels. Action potentials 
induce neurotransmitter release at the neuron’s presynaptic ter-
minal, allowing communication with the postsynaptic neuron. 
The changes in ionic flux that result from action potentials can 
be detected using extracellular electrodes with sizes similar to 
the neuronal cell body at micrometer scale distances from the 
neuron. Similarly, changes in ionic flux that result from the 
opening of postsynaptic ion channels in a population of neurons 
can be detected as the local field potential (LFP).[2,49] This syn-
aptic activity is often in the form of brain oscillations at defined 
frequency bands, and is a result of interactions between excita-
tory and inhibitory neurons within microcircuits. These brain 
oscillations have a wide range of frequencies (a few milli-Hertz 
to several hundred Hertz) and are known to organize sequences 
of action potentials, establish communication between brain 
regions, play a causal role in several behavioral functions, and 
are used as biomarkers for various neurological conditions. 
Therefore, an ideal neural interface device would be able to 
acquire action potentials and LFP with high spatial and tem-
poral resolution across large area of the brain simultaneously. 
The electrode size and material are key parameters that define 
the spatial and temporal resolution of the acquired signal at a 
given location, whereas the density and geometrical distribution 
of the electrodes define the spatial scale of the recordings.

2.1.1. Materials at the Interface with Neural Tissue

The electric fields generated by nervous tissue are the result 
of ion movement. The efficiency of an electrode in converting 
ionic signals into electronic ones can be quantitively evaluated 
by the electrochemical impedance spectrum of the electrode 
across a physiologically relevant frequency band (0.1  Hz to 

10 kHz). Typically, the electrochemical impedance of an extra-
cellular electrode is reported at 1  kHz, which reflects the cor-
responding frequency of an action potential period (1 ms). The 
effective surface area of the electrode and the electrode mate-
rial are the two key parameters defining this impedance value 
through the capacitance formed between the electrode and 
ions in the electrolyte, known as electric double layer capaci-
tance.[50] The larger the electrode surface area, the larger the 
area of double layer electrical capacitance between electrolyte 
and the electrode, hence the lower the impedance. However, 
large electrodes will result in more spatially summated neural 
activity, limiting the spatiotemporal resolution of the electrode. 
Therefore, the optimal electrode size is defined by a trade-off 
between required resolution and electrochemical impedance of 
the electrode. For example, to be able to acquire an individual 
neuron’s action potentials, the electrode size should be close to 
the size of the neuron’s cell body and spaced to match the den-
sity of neurons within the tissue. This restricts the upper band 
of electrode geometry to ≈10–20  µm in the majority of brain 
regions, although denser regions with smaller neurons may 
require smaller electrodes, and similarly, larger electrodes may 
be used in areas with larger and less closely packed neurons.

Electrode material and its electrochemical properties define 
the capacitance value of the interface, and this capacitance is 
inversely related to the overall impedance of the electrode. In 
general, the neural electrode materials can be categorized as 
either polarizable or nonpolarizable based on their faradaic 
interactions with electrolyte. Although nonpolarizable electrode 
materials, such as Ag/AgCl, that can pass current across electro-
lyte-electrode interface with minimal resistance are preferred, 
the deposition of metal ions (such as AgCl) in vivo poses major 
biocompatibility concerns and precludes their use in high den-
sity implantable devices. These materials are often embedded 
into hydrogels that serve as ion-conductive physical barriers 
in noninvasive EEG, electrocardiography (ECG), and electro-
oculogram (EOG) electrodes. On the, other hand, polarizable, 
chemically stable metals such as Au, Pt and stainless-steel have 
been extensively used as in vivo implantable electrode materials 
in both research and clinical applications. Several approaches 
have been employed to improve their capacitance and charge 
capacity, typically by increasing the electrode’s effective surface 
area while maintaining the overall macroscopic geometry of 
the electrode.[51] These strategies include nanoscale surface pat-
terning, deposition of the electrode material on rough surfaces, 
use of nanoparticles to form complex 3D nanostructures, and 
electrodeposition protocols with enhanced surface roughness. 
A prime example of this strategy is generation of platinum 
black, which has substantially larger surface area than conven-
tional Pt. In addition to nanoscale enlargement of surface area, 
metal oxides and nitrides such as Ir/iridium oxide and TiN 
can further increase the charge capacity of the interface and 
have been used in several high-density neural interface devices 
(Figure 2A–C).[52–57]

In parallel to metal-based electrodes,[58–60] conducting poly-
mers (a class of organic electronic materials) have gained sub-
stantial attention as an electrode coating material that improves 
the impedance of neural electrodes. Among these materials, 
the conducting polymer poly(3,4-ethylenedioxythiophene)–
poly(styrenesulfonate) (PEDOT:PSS) has been highly used 
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in a large variety of applications and scales due to its com-
mercial availability, high conduction, and stability in physi-
ological environments.[61–63] Originally, Martin et al. introduced 
PEDOT:PSS as polymer electrode coating for implantable silicon 
probes (Figure  2D,E). They used an electropolymerization 

technique to coat the existing metallic surface of silicon-based 
neural probe electrodes with PEDOT:PSS. Signal-to-noise ratio 
(SNR) and long-term stability in vivo was improved for chroni-
cally implanted PEDOT:PSS-based electrodes compared to 
conventional metal electrodes.[64–66] The simplicity and highly 
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Figure 2.  Neural interface electrode materials. A) TiN electrode used in a Neuropixel probe. Reproduced with permission.[232] Copyright 2018,  
Elsevier. B) Microscopy image demonstrating crossover of two metal sandwich layers (Ti/Pt/Ti) and exposed platinum electrode sites. Reproduced with  
permission.[182] Copyright 2008, Elsevier. C) Optical images of gold and Ir-plated electrode sites before the pulse test experiment. Reproduced with  
permission.[233] Copyright 2011, Elsevier. D) Electrochemical deposition of conducting polymer (PEDOT) on electrode sites and around electrospun 
PLLA nanofiber templates. Reproduced with permission.[234] Copyright 2010, Wiley-VCH. E) Photolithographically patterned conducting polymer 
electrodes. Reproduced with permission.[235] Copyright 2011, Wiley-VCH. F) High-magnification image of a surface array with transparent gra-
phene electrode sites. Reproduced with permission.[220] G) Optical micrograph of a multielectrode array device made with carbon-nanotube-based  
pillars. Reproduced with permission.[236] Copyright 1991, Royal Society of Chemistry. H) SEM image of PPy nanotube outgrowth on silicon dioxide 
showing diameter outgrowth of 60 µm. Reproduced with permission.[234] Copyright 2010, Wiley-VCH.
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reliable electro-polymerization process for PEDOT:PSS was 
successfully deployed in several laboratories and industrial 
sectors as part of the electrode fabrication process.

While effective, the electrodeposition process of conducting 
polymers still poses two major challenges: i) the electrodepo-
sition is limited to conducting surfaces and cannot be used to 
selectively coat nonconducting surfaces, and ii) the stability and 
adhesion of the conducting polymer is highly sensitive to dep-
osition protocols and use of crosslinking agents is limited. To 
overcome these challenges, orthogonal photoresists combined 
with dry etching processes can be used to perform photolitho-
graphic patterning of PEDOT:PSS at high resolutions.[67,68] This 
process allows modification of commercially available disper-
sions to achieve highly conducting patterned PEDOT:PSS. How-
ever, addition of crosslinking agents such as GOPS substan-
tially slows the plasma etching process and limits the tractable 
thickness of the patterned polymer using this method. Instead, 
a photolithographic process involving patterning and delamina-
tion of an inert sacrificial layer acting as a micropattern shadow 
mask can be used with many relevant polymers, including 
modified PEDOT:PSS, on a variety of surfaces (Figure 2E).[69,70]

Beyond demonstrating improved impedances, organic 
material-based electrodes offer other unique advantages, 
including transparency (Figure 2F)[71] and higher surface areas 
(Figure 2G,H). Conductive polymer coated electrodes also dem-
onstrate the ability to absorb and release biomolecules through 
swelling. For example, Cui et al. were able to successfully 
“load” graphene-based electrodes coated with an electrodepos-
ited polymer film with anti-inflammatory drugs prior to inser-
tion in the brain. After implantation, the hydrophilic nature of 
the polymer resulted in uptake of water and exchange of the 
drug with the surrounding tissue.[72]

2.1.2. Signal Amplification, Multiplexing, and Processing

To obtain high-quality, multichannel neural recordings, signal 
amplification, multiplexing, and processing must be per-
formed. Neural signal amplification is accomplished via bio-
potential amplifiers, which must amplify signals with high 
gain and low noise. Given that the external sources of interfer-
ence (such as myoelectric potentials from muscle contractions,  
50 or 60 Hz AC power, or environmental radio frequency signals) 
can be several orders of magnitudes larger than neural signals, 
recordings are performed using a differential setup. Such a setup 
requires grounding the subject, and performing recordings using 
at least two electrodes—one to record neural activity, and the 
other to serve as a reference. The interfering noise then appears 
as the common-mode signal to a differential amplifier, which if 
ideal (i.e., with infinite common-mode rejection ratio (CMRR), 
infinite input impedance, and zero electrode impedance) would 
completely suppress that common-mode signal. Typical neural 
amplifiers display CMRRs in the range of 70–120 dB.[73]

Because sampling each neural waveform to a distinct line 
would require an equal number of leads as electrodes and limit 
number of electrodes that could be used, multiplexing is applied 
to combine several amplified signal lines into one data line.[74–79]  
In time division multiplexing (TDM), the multiplexer selects 
and forwards one slice of each line to its output line for a given 

time interval (the sampling window); by switching through all 
inputs, the multiplexer samples multiple channels into a single 
line. In turn, at the receiver a demultiplexer enables reconstruc-
tion of individual input signals from the multiplexed line.

In addition to multiplexing, neural acquisition systems must 
also digitize the amplified and multiplexed signal, a task accom-
plished by analog-to-digital converters (ADCs). This conversion 
usually occurs after multiplexing to reduce the total number of 
required ADC lines. In order to satisfy the Nyquist–Shannon 
sampling theorem (and enable perfect reconstruction of the 
continuous data from the discrete data), these converters must 
operate at a sampling rate greater than twice the bandwidth of 
the signal of interest.[80]

This section describes different approaches to amplifying, 
multiplexing, and processing signals for neural recordings, 
according to employed transistor material type.

Silicon Transistor-Based Devices: Silicon-transistor based de-
vices incorporate amplification, multiplexing, and/or process-
ing capacities into integrated-circuits or, more recently, flexible 
arrays. Silicon-based integrated-circuits are packaged, often 
implantable chips that receive neural signals from tissue-inter-
facing electrodes or probes as inputs, and yield amplified, multi
plexed, and potentially further filtered signals as outputs. The 
first monolithic, microprocessor-based telemetry system for neu-
rophysiological recordings, developed in 1985, was based on a 
micropower signal processor capable of amplifying, filtering, and 
multiplexing three neural action-potential waveforms detected 
by microwire electrodes.[81] While that chip interfaced with wire 
electrodes, ICs can also interface with silicon-based probes, like 
the Utah array (Figure 3A) or the Michigan probe (Figure 3B).

IC-incorporating implantable probes have also been devel-
oped. The first probe, developed in 1986, included ten recording 
electrodes and corresponding on-chip electronics, namely, one 
preamplifier per electrode, an 11:1 multiplexer (driven by an 
11-stage two-phase dynamic shift register), power-on-reset cir-
cuitry, and high-speed, unity-gain broad-band output buffer.[82] 
Further, the later-developed “Neuropixel” probe is comprised 
of a tissue-interfacing shank (tiled by low-impedance TiN sites) 
and base (on which voltage signals could be filtered, ampli-
fied, multiplexed, and digitized) for noise-free transmission of 
digital data (Figure  3C).[52] Digital signals are more resistant 
to noise interference, and can be protected from data corrup-
tion with a cyclic redundancy code (CRC) checksum. There-
fore, such on-chip digitization, which was also employed by  
Muller et  al.[83] in creating a 26  400 microelectrode array, 
allowed for more robust data to be transmitted off-chip.

Multiplexed silicon-based neural interface arrays have also 
been developed (Figure  3D,E). Fang et  al. produced a flexible 
array consisting of capacitive sensing nodes, whereby each node 
consisted of an NMOS source-follower amplifier with a capaci-
tive input, and on-site NMOS multiplexer.[79,84] This array was 
covered by an ultrathin, thermally-grown layer of SiO2, to act as 
a dielectric and enable capacitive coupling, as well as acting as a 
barrier to prevent penetration of biofluids (Figure 3F).[85]

Organic Transistor-Based Devices: Because silicon-based cir-
cuitry requires encapsulation in physiological environments, 
chronic, fully-implantable silicon-based devices are often bulky 
and display limited channel count and processing capabilities. 
Since biocompatible organic electronic materials can perform 
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Figure 3.  Silicon-based neural interface devices. A) A 10 by 10 Utah array. Reproduced with permission.[255] Copyright 2007, Society for Neuroscience. 
B) The Michigan probe, also known as an Si-probe. The image is of an 8-shank, 256-channel probe manufactured by NeuroNexus. Reproduced with 
permission. Image courtesy of NeuroNexus, Ann Arbor, USA. C) Probe tip (left) and packaging (right) of Neuropixel probe capable of recording of 384 
channels simultaneously. Reproduced with permission.[52] Copyright 2017, Springer Nature. D) Flexible Si-based transistor used in a surface array to 
perform local buffering and multiplexing. Reproduced with permission.[79] Copyright 2011, Springer Nature. E) Capacitively coupled silicon nanomem-
brane transistor as an amplified sensing node. Circuit diagram (left) and optical microscopy image (middle) of a node. Mechanism for capacitively 
coupled sensing through a thermal SiO2 layer (right). Reproduced with permission.[84] Copyright 2017, Springer Nature. F) Steps to thermally grow, 
transfer, and integrate ultrathin layers of encapsulating SiO2 onto flexible electronic platforms (left). Sample with 100 nm thick layer of thermal SiO2 
on top surface (right). Reproduced with permission.[85] Copyright 2016, National Academy of Sciences.
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local amplification when used within transistor architectures, 
organic transistor-based devices have been explored for local 
amplification of neural signals.

Multiple organic transistor architectures have been applied 
for neural recordings. In the solution-gated field-effect tran-
sistor (SGFET, which is a type of electrolyte-gated OFET 
(EGOFET)) an organic semiconductor film connects the 
source and drain electrodes, and a liquid electrolyte sepa-
rates the channel from the gate electrode.[86–88] Given their 
electrolyte-gating, SGFETs are well-suited to biosensing. Hess 
et  al. used arrays of graphene SGFETs to detect action poten-
tials from electrogenic cells (cardiomyocyte-like HL-1 cells).[89] 
Hebert et  al. demonstrated that when taking recordings from 
the surface of the cortex, graphene SGFETs exhibit a similar 
SNR below 100 Hz as platinum black electrodes do, but cannot 
record signals above 1  kHz. They also successfully recorded 
slow-wave activity, synchronous activity, and potentials on the 
auditory and visual cortices.[90] Masvidal-Codina et  al. further 
showed that graphene SGFETs arrays can be used to record a 
wide bandwidth of neural signals, ranging from infraslow fre-
quencies (<0.1  Hz) to typical local field potential bandwidth 
(Figure  4A).[91] Cisneros-Fernandez et  al. also established a 
scheme to enable large-scale µECoG recordings with SGFETs, 
via frequency-domain multiplexing (FDM). Their approach, 
involving use of SGFETs both as transconductance amplifiers 
and voltage mixers (with voltage mixing occurring a column 
voltage carrier and an µECoG signal), allows hybrid integration 
of SGFET arrays and read-out ICs.[78]

The organic electrochemical transistor (OECT) has also 
been widely used for bio-signal transduction. In the OECT, an 

electronic channel formed by patterning a conducting polymer 
between two electrodes is (de)-doped by injection of ions from 
an electrolyte. Conformable arrays of OECTs were therefore 
shown to enable the recording of brain activity, such as low-
amplitude brain signals at the somatosensory cortex of rats[92] 
(Figure  4B,C). While capable of transducing such signals, 
OECTs, having transient characteristics that are controlled by 
the time needed for ions to travel between the electrolyte and 
polymeric channel, display slow switching speeds. To overcome 
this limitation, internal ion-gated organic electrochemical tran-
sistors (IGTs) embed mobile ions in the conducting polymer 
defining the transistor channel. This design enables faster 
response times (τ = 2.6 µs) than observed in OECTs, for which 
the transient response is characterized by both the time con-
stants for ionic transport in electrolyte (τi) and electronic trans-
port (τe).[93] Spyropoulos et al showed that IGTs fabricated into a 
conformable ribbon structure could be applied to human EEG; 
their “µ-EEG IGTs” adhered directly to skin without additional 
chemicals, and enabled capture of alpha, beta, and low-gamma 
oscillations (Figure  4D).[94] In the same direction, Cea et  al. 
developed conformable, implantable, enhancement mode IGTs 
for in vivo recording of neural action potentials, and circuitry 
for real-time detection of epileptic discharges[95] (Figure 4E).

2.2. Stimulation Materials and Devices

Neural stimulation enables modulation of brain activity, both 
for the purposes of understanding function of neural networks 
and treating dysfunction of these networks. In this section we 
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Figure 4.  Materials and architectures of transistors used in neuroelectronics. A) Graphene-based transistors for surface and depth recordings. Repro-
duced with permission.[91] Copyright 2018, Springer Nature. B) OECT-based ECoG array, with inset showing an optical microscopy image of an OECT and  
adjacent conducting polymer electrode. Adapted with permission.[92] Copyright 2013, Springer Nature. C) An OECT-based surface array with mesh-like 
Au interconnects for optical transparency. Reproduced with permission.[237] Copyright 2017, National Academy of Sciences. D) Top view of an IGT (top), 
with cross-section SEM image of an IGT between gate and source electrodes (bottom). Reproduced with permission.[94] Copyright 2019, AAAS. E) Optical 
micrograph of an e-IGT-based device with 4 transistors for LFP and spike recording (left). The anchor hole facilitates insertion of the conformable device 
into deep layers of rat cortex. The potential generated by neurons serves as the small-signal VG. Reproduced with permission.[95] Copyright 2020, Springer 
Nature. F) Circuit diagram of two complementary IGTs used to record real-time detection in the rat hippocampus. The rat brain coronal slice schematic 
has the recording site indicated (red dot). Reproduced with permission.[95] Copyright 2020, Springer Nature.
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aim to provide an overview of various stimulation methods 
based on their primary source of stimulation energy.

2.2.1. Electrical Stimulation

Materials: Electrical stimulation involves applying a constant or 
alternating pattern of voltage or current to the brain (intercra-
nial) or scalp (transcranial) tissue. Noninvasive types of electri-
cal stimulation, like transcranial (TES), are based on the use of 
skin-interfacing electrodes fabricated from metals, elastic car-
bon, hydrogels, and conducting polymers. Conventionally, metal 
electrodes have been used in both invasive and noninvasive 
stimulation procedures.

To ensure biocompatibility, electrodes are typically made 
from inert materials such stainless steel, Au, or Pt. A key 
defining factor in efficient delivery of charge from electrode 
to tissue is reliable electrode-skin contact through an interface 
providing the largest area possible, while ensuring homoge-
neous current density across the electrode. To improve metal 
electrodes’ interface and mechanical stability with biological 
tissue, such electrodes are often coupled with an ion-con-
ducting adhesive gel (or historically, covered with salt water 
saturated fabrics). In this setup, the electric current transforms 
into ionic current at the metal–electrolyte junction.[96] However, 
the rigidity of metal electrodes combined with their polarizable 
electrochemical characteristics, renders them nonideal for inter-
action with tissues. Hydrogel-based electrodes have replaced 
metal electrodes in many applications. Self-adhesive electrodes 
for transcutaneous stimulation can consist of two hydrogel 
layers: a base, conductive-gel layer made from polymerization-
derived copolymers, like acrylic acid and N-vinylpyrrolidone, 
and another connecting the first layer to the conductive  
substrate such as carbon rubber, carbon film, or wire mesh. A 
scrim layer can also be incorporated between the two hydrogel 
layers to prevent slippage, or redistribute the stimulation cur-
rent[96] (Figure 5A). Similar to strategies employed for recording 
electrodes, conducting polymer-based hydrogels have been used 
for transcranial as well as intercranial stimulation due to their 
large volumetric capacitance and mixed ionic and electronic 
conduction (Figure 5B).[61,97–102]

Invasive electrical stimulation devices such as deep brain 
stimulation (DBS) electrodes usually incorporate smaller elec-
trodes than those seen in noninvasive devices, are made out of 
inert material metals (e.g., platinum or platinum–iridium), and 
are inserted into the brain tissue to provide more local neural 
stimulation. DBS devices make use of unsegmented or seg-
mented metal (e.g., platinum or platinum–iridium) electrodes 
(Figure  5C).[103] Retinal ganglion cell stimulation has been 
accomplished using “brush-like electrodes” formed from par-
ylene-C coated, wet-spun liquid crystal graphene oxide (LCGO) 
fibers via laser ablation; implantation of these continuous, free-
standing flexible probes was enabled by encapsulating them 
in a water-soluble sugar microneedle, which could be inserted 
into the tissue (Figure 5D).[59] Stimulation via transistors, rather 
than passive electrodes, has also been performed. Williamson 
et  al. demonstrated that flexible, OECT-based depth probes 
could be implanted by aid of SU-8 shuttles (from which the 
probes delaminated after insertion). Application of monophasic 

current pulses to CA3 area of rat hippocampus pyramidal 
cell layer through OECTs was shown to be sufficient to evoke 
network and single cell responses (Figure 5E).[104]

Implantable arrays of electrodes have also been employed 
to achieve electrical stimulation. Liu et  al. demonstrated that 
a thin-film elastic array of micropatterned electrically conduc-
tive hydrogel (MECH) electrodes could conformably wrap 
around the sciatic nerves of mice to stimulate muscle move-
ments at low voltages (50  mV). This hydrogel was based on 
the conducting polymer PEDOT:PSS, and demonstrated an 
electrical conductivity of 47.4  ±  1.2 S cm−1, as well as current 
density (under a bipolar pulsed voltage of 0.5 V at 50 Hz) that 
was orders of magnitude higher than that of electrodes made 
by a pure ionic conductor (Dulbecco’s modified Eagle’s media) 
or platinum electrodes (Figure 5F).[99]

Systems: Electrical stimulation involves applying a constant 
or alternating pattern of voltage or current to the brain (intracra-
nial) or scalp (transcranial) tissue.

Traditionally, this has been performed in the form of 
an open-loop stimulation. However, closed-loop electrical 
stimulation has gained significant attention recently, and is 
being investigated for various neuropsychiatric disorders. 
Liu et  al. demonstrated a fully-programmable, bidirectional 
neural interface system capable of i) acquiring 16-channel, 
low-noise neural amplifiers (based on 180  nm CMOS tech-
nology), ii) extracting neural waveform features, and iii) per-
forming closed-loop electrical stimulation of neural circuits 
based on proportional-integral-derivative (PID) controllers 
(Figure  5G).[105] Whereas that system realized the closed-
loop control on each channel through PID controllers, field-
programmable gate arrays (FPGAs) have also been utilized 
to provide required computation for processing the ongoing 
feedback signal and controlling the stimulating circuitry. 
Zhou et  al. develop a 128-channel, wireless neuromodula-
tion device (WAND) that used an FPGA to run closed-loop 
algorithms, cancel residual artifacts (i.e., the large voltage 
transients resulting from stimulation), and detect neural bio-
markers based on their waveform characteristics.[106] Park 
et al. employed an FPGA to develop a closed-loop, 128-channel 
spike-sorting system, which is the process of assigning neural 
spikes to an individual neuron (unit) for real time clustering 
of neural spikes into putative individual neurons.[107] Seu 
et  al. used a reconfigurable FPGA-based processing system 
for low-latency preprocessing of spike data acquired by a 
4096-electrode microelectrode array (MEA).[108]

2.2.2. Magnetic Stimulation

Magnetic stimulation, in the form of pulsed or low-radiof-
requency alternating magnetic fields (100  kHz to 1  MHz), is 
applied for noninvasive (and to a lesser extent, invasive) exci-
tation or inhibition of specific brain areas. Magnetic stimula-
tion can penetrate into the body without substantial attenuation 
(i.e., up to the MHz range). Although this method’s stimulation 
is typically achieved via noninvasive procedures and devices, 
invasive methodologies are also being explored.

Transcranial magnetic stimulation (TMS) is a noninvasive 
approach that relies on passing current through a coil of wire 
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(the “magnetic coil”) placed above the scalp, whereby the region 
of stimulation can be characterized through concurrent use of 
electrical recording (EEG) or imaging modalities.[109] Since coil 
geometry changes the resultant magnetic field, magnetic coils of 
specific sizes and shapes, including round, figure-of-eight (F8), 
or Hesed (H), are employed for targeted stimulated. F8-coils are 
more focal, with maximal current being produced at the intersec-
tion of the two round components.[110] By contrast, H-coils, which 

are larger and have more complex winding patterns, are used to 
stimulate deeper brain structures, though with less focality.[111]

For superficial cortical regions, the spatial limits of TMS 
stimulation can be well-defined: TMS-induced spiking activity 
of single neurons in an area of the macaque parietal cortex 
could be confined to a 2  mm diameter region through use of 
a 55 mm coil.[112] However, since TMS cannot achieve specific 
stimulation of deeper regions, smaller, penetrating devices 
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Figure 5.  Electrical stimulation modalities. A) Self-adhesive electrode for transcutaneous stimulation. Reproduced with permission.[95] Copyright 
2020, Springer Nature. B) Aloe vera conducting polymer film based on PEDOT:PSS and aloe vera hydrogel conforms on a rat skull (left). TES elec-
trodes placed on the rat skull (right). Reproduced with permission.[97] Copyright 2019, Wiley-VCH. C) Unsegmented (left) versus segmented (right) 
deep-brain stimulation lead. Reproduced with permission.[238] D) “Brush” electrode composed of wet-spun liquid crystal graphene oxide for neural 
stimulation and recording. Reproduced with permission.[59] Copyright 2015, Wiley-VCH. E) Delaminating depth probes with organic electrochemical 
transistors penetrate the cortex and stimulate neurons. Reproduced with permission.[104] Copyright 2015, Wiley-VCH. F) Micropatterned electrically 
conductive hydrogel electrode array (left) consists of individual MECH electrodes (dark lines) encapsulated by fluorinated polymer PFPE-DMA 
(blue) (right). Reproduced with permission.[99] Copyright 2019, Springer Nature. G) Block diagram for bidirectional brain–machine interface system 
enabling closed-loop recording and stimulation.
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have been developed. Bonmassar et  al. produced micromag-
netic stimulation coils that were small enough to be implanted 
within the brain parenchyma. Their coils were able to activate 
retinal ganglion cells both directly and indirectly (via activa-
tion of presynaptic neurons), with the activation respectively 
depending on whether neurons were near the end of the coil, 
or along its cylindrical length.[113] Targeted noninvasive stimula-
tion (i.e., affecting specific subpopulations of neurons in a given 
brain region) can also be achieved through magnetic nanopar-
ticles. Fe3O4 magnetic nanoparticles (MNPs), which dissipate 
heat generated by hysteresis when exposed to alternating mag-
netic fields, could be used to activate cells expressing the heat-
sensitive capsaicin receptor TRPV1 both in vitro and in vivo. 
Anikeeva and colleagues observed that the transfected neurons 
in mice could be activated up to one month after MNP injec-
tion, with the MNP injection site exhibiting lower macrophage 
accumulation and glial activation as well as a higher proportion 
of neurons compared to a similarly size stainless steel implant 
one month after surgery.[114]

2.2.3. Mechanical Stimulation

Mechanical stimulation uses continuous or repeated pulses of 
ultrasound (US) to modulate brain activity, either by stimulating 
the brain directly (via transcranial focused US, or tFUS), or by 
enabling the passage of molecular therapeutic agents into the 
brain (through transiently disturbing the blood–brain barrier). 
A single-element FUS transducer can focus 0.5  MHz ultra-
sound through the human skull and generate acoustic beam 
profiles with lateral and axial spatial resolutions of 4.9  mm 
and 18.0 mm from the focal distance, respectively. Such tFUS 
beams can modify the amplitudes of short-latency and late-
onset somatosensory evoked potentials (SEPs).[115]

Low-pressure ultrasound has also been used to stimulate 
genetically targeted neurons directly. Misexpression of TRP-4, 
the pore-forming subunit of a mechanotransduction channel 
in Caenorhabditis elegans, sensitizes neurons to ultrasound; 
expressing the mechanosensitive channels within the mam-
malian brain therefore would form the basis for cell-type 
or region-specific ultrasound-based manipulation of neural 
activity (“sonogenetics”).[116] Because ultrasound can be used 
in conjunction with piezoelectric materials to generate direct-
current output,[117] neural stimulation via US and piezoelectric 
nanomaterials has also been explored. Marino et  al. observed 
high-amplitude Ca2+ transients after ultrasound stimulation of 
SH-SY5Y-derived neurons that were treated with piezoelectric 
tetragonal barium titanate nanoparticles (BTNPs).[118] Function-
alizing BTNPs with specific molecules could then eventually 
enable cell-type selective, in vivo neural stimulation.

FUS has also been used to open the blood–brain bar-
rier (BB), an anatomic barrier through which only molecules 
<400 Da can pass.[119] Choi et al. demonstrated the feasibility of 
noninvasively opening the BBB in mice (i.e., through the intact 
skull and skin) using a single-element FUS transducer.[120] Mar-
quet et al. then later showed that microbubble-enhanced, FUS  
(ME-FUS) enables BBB opening and subsequent recovery in 
nonhuman primates.[119] Temporally specific opening of the 
BBB has potential applicability to delivery of therapeutics as 

well as stimulation-enabling mediators (such as virus for subse-
quent expression of opto- or sonogenetic proteins).

2.2.4. Optical Stimulation

Optical stimulation is based on photosensitization and activation 
of neurons. Photosensitivity is most commonly achieved geneti-
cally, whereby cells are made to express light-sensitive proteins that 
depolarize (e.g., channelrhodopsin) or hyperpolarize (e.g., halorho-
dopsin) neurons after exposure to different wavelengths of light 
(blue or yellow, listed respectively for the previous examples).[121,122] 
This optogenetic approach involves rapid and temporally precise 
control of neuronal activity in a cell-type specific manner.[123]

Silicon neural probes have been used for optogenetic appli-
cations. Schwaerzle et al. developed silicon-based neural probes 
with optical functionality (“optrodes”) that contained platinum 
microelectrodes, base laser diode chips, and photographically 
patterned SU-8 waveguides[124] (Figure  6A). Yoon and col-
leagues designed a four-shank probe containing InGaN µLEDs 
and Ti/Pt/Ir recording electrodes; this probe could be used to 
independently control neurons localized ≈50  µm apart in the 
CA1 pyramidal layer of mice, and induce spikes at ultra-low 
optical power (≈60 nW, Figure 6B).[125] Mohanty et al. produced 
a reconfigurable visible-light nanophotonic platform based on 
waveguides defined in SiN, enabling light input from a single 
laser centered at 473 nm to be distributed across multiple local-
ized emitters. They demonstrated their platform’s capacities 
by using it to control the flow of light to an implantable nano
photonic probe containing 8 independently switchable beams, 
and optically activate individual ChETA-expressing Gad2 
interneurons in different layers of the visual cortex and hip-
pocampus, with sub-millisecond precision (Figure 6C).[126] Lee 
et al. produced a “micro-optoelectrode array” from the optically 
transparent wide bandgap semiconductor ZnO. This device, 
which was a 4  ×  4 array of electrically-isolated shanks with 
400  µm pitch, triggered spiking in vivo at laser power levels 
of about 1 µW (Figure 6D).[127] Montgomery et  al. developed a 
fully wireless implant consisting of a PCB-based powering cir-
cuit and an attached LED; this implant, which was powered via 
a resonant cavity, provided sufficient light power densities and 
pulse characteristics for optogenetic control of mouse brain, 
spinal, and peripheral circuits (Figure 6E).[128]

Stretchable electronics (which apply elastic conductors as elec-
trical interconnects between rigid or bendable active devices,[129,130] 
such as in a stretchable active-matrix display that used dispersed 
elastic conductors of single-walled nanotubes (SWNTs) in 
fluorinated copolymer rubber[131]) and flexible fibers are being 
explored for optical stimulation, too. Park et  al. presented an 
optogenetic device that combined thin, mechanically soft neural 
interfaces with implantable, stretchable wireless radio power and 
control systems. The different form factors of this device ena-
bled specific and reversible activation of pain circuits in freely 
moving, untethered mice via an integrated light emitting diode 
(LED) (Figure 6F).[123] Lu et al. have shown that all-polymer neural 
fiber probes (comprised of a polycarbonate core, cyclic olefin  
copolymer cladding, conductive polyethylene electrodes) exhibit 
low-loss light transmission, even after deformation, for optoge-
netic stimulation of spinal cord neural activity (Figure 6G).[132]
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Optogenetic approaches are not the only means of achieving 
photosensitivity in cells; cells have also been made photosensi-
tive through nanomaterials, quantum-dots, or organic photo-
capacitors. Yoo et al. used near-infrared irradiated gold nanorods 
(GNRs) functioning as photothermal transducers bound to the 
plasma membrane of neurons to modulate action potentials 
of cultured hippocampal cells.[133] Further, Carvalho-de-Souva 
et  al. employed gold nanoparticles (AuNPs), which are also 
photothermal transductors (with a plasmon absorption band 
peak near 523  nm) to enable optical triggering of action 
potentials. Since their particles were conjugated to ligands of 
dorsal root ganglion neuron (DRG) membrane proteins, their 
AuNP conjugates enabled selective binding to and stimula-
tion of DRG neurons.[134] CdSe quantum dots have also been 
used to produce illumination-triggered changes in membrane 
potentials and ionic currents of cortical neurons in vitro.[135] 
Jakešová et  al. recently developed organic electrolytic photo-
capacitors (OEPCs), which function as optoelectronic-to-ionic 

transducers, or light-activated external voltage-clamp elec-
trodes. They found that when excited by short impulses of 
light, OEPCs produce electrolytic charging currents that can 
perturb the membrane potentials of nearby cells in vitro 
(Figure 6H).[136,137]

2.2.5. Chemical Stimulation

Chemical stimulation relies on use of pharmacological or chem-
ogenetic methods for perturbing neural activity.[55] Delivery of 
chemical or biological agents can be accomplished via infusion, 
injection, or ingestion (Figure 7A). To further improve the local-
ization and more targeted delivery can be accomplished through 
microfluidic, or ion pump-based neural implants. Isaksson et al. 
developed an electrophoretic ion pump, based on PEDOT:PSS, 
that functioned as actuator to pump cations (Ca2+, K+) from 
a reservoir electrolyte to a target electrolyte. This ion pump 
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Figure 6.  Optical stimulation modalities. A) Silicon-based neural probe (“optrode”) monolithically integrated with SU-8 optical waveguides and micro-
electrode arrays. Reproduced with permission.[239] Copyright 2015, Springer Nature. B) Four-shank probe for high-resolution optogenetic manipulations. 
Each shank contains eight recording sites and three µLEDs. Adapted with permission.[125] Copyright 2015, Elsevier. C) Implantable silicon-based probe for 
optogenetic neuromodulation. Visible light entering a single waveguide is sent to a switching network, then emitted at the probe tip via grating emitters. 
Reproduced with permission.[126] Copyright 2020, Springer Nature. D) Micro-optoelectrode array based on optically transparent wide bandgap semicon-
ductor ZnO. Reproduced with permission.[127]  Copyright 2015, Springer Nature. E) Fully implantable wireless optogenetic device. Device is powered via a 
resonant cavity (not shown).[128] F) Energy harvesting unit of soft, wireless, implantable optoelectronic system. Reproduced with permission.[123] Copyright 
2015, Springer Nature. G) All-polymer neural optical fiber with sacrificial polycarbonate layer. Reproduced with permission.[132] Copyright 2014, Wiley-VCH. 
H) Organic electrolytic photocapacitor capacitively coupling with an adjacent oocyte in electrolyte. Reproduced with permission.[137] Copyright 2019, AAAS.
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was able to stimulate individual cells, such that a cell located 
on a microchannel demonstrated an induced Ca2+ response, 
but distal cells did not (Figure  7B).[138] Jonsson et  al. designed 
“neural pixels,” consisting of conducting polymer electrodes for 
sensing and organic electrochemical ion pumps (OEIP) for drug 
delivery. Their neural pixel-based device could stop externally 
induced hippocampal epileptic activity by delivering the inhibi-
tory neurotransmitter GABA to seizure foci (Figure 7C).[139]

Chemical stimulation can also be integrated into training 
paradigms. Van den Brand et  al. intraperitoneally administered 
selected serotonin and dopamine receptor agonists to rats afflicted 
with paralyzing lesions prior to training the rats (via a training 
paradigm that relied on electrochemically enabling motor states 
while forcing rats to use their paralyzed hindlimbs through a 
robotic postural interface). This chemical stimulation and training 
triggered remodeling of cortical projections to restore voluntary 
control over locomotor movements in the rats.[140]

2.2.6. Multimodal Stimulation

The electrical and chemical stimulation modalities can be com-
bined through use of loaded conducting polymers. The metallic 
electrodes of implants designed for electrical stimulation are 
often coated with conducting polymers (e.g., polypyrrole (PPy), 
poly(3,4-ethylene dioxythiophene), polyterthiophene (PTTh), 
etc.) to reduce each interface’s electrochemical impedance. 
Coating the electrodes with, for example, anti-inflammatory 
drug or growth factor-loaded conducting polymers could there-
fore support tissue health around neural implants through the 
electro-activated elution of drugs.[141]

Microfluidic channels can also be incorporated into neural 
stimulation devices for delivery of multiple, distinct chemical 
agents. Minev et  al. developed soft neural implants that trans-
mitted electrical excitation signals (via embedded interconnects 
and electrodes), and delivered drugs locally (via microfluidic 
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Figure 7.  Chemical or multiple stimulation modalities. A) Intrathecal pump for infusion of medication into spinal fluid. Reproduced with permission.[256] Copy-
right 2008, Springer Nature. B) Top view (top) and cross-sectional view (bottom) of an organic electronic ion pump consisting of four PEDOT:PSS electrodes, 
labeled A to D. VBC drives ion transport, while VAB and VCD regenerate B and C electrodes. Reproduced with permission.[138] Copyright 2007, Springer Nature. 
C) Bioelectronic neural pixel uses organic–electronic ion pumps for delivery of neurotransmitters and conducting polymer electrodes for neuronal recording. 
Reproduced with permission.[139] Copyright 2016, National Academy of Sciences. D) Soft neural implant with the shape and elasticity of dura mater integrating 
microfluidic channel for local drug delivery with interconnects and electrodes for electrical stimulation. Reproduced with permission.[142] Copyright 2015, AAAS. 
E) Microimplant integrating fluidic and optical simulation modalities with electrical recording capacity. Reproduced with permission.[143] Copyright 2001, Royal 
Society of Chemistry. F) Soft microfluidic probe integrated with a flexible array of µ-LEDs. Reproduced with permission.[144] Copyright 2015, Elsevier. G) Multimodal 
fiber probes combining optical stimulation, drug delivery, and neural recording capabilities. Reproduced with permission.[240] Copyright 2015, Springer Nature.
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channels called “chemotrodes”). Their implants integrated a 
silicone substrate, stretchable gold interconnects, platinum–
silicone composite soft electrodes, and a silicone-embedded flu-
idic microchannel (Figure 7D).[142] Rubehn et al. introduced a pol-
yimide-based implant incorporating an SU-8 based waveguide 
(for optical simulation) and fluidic channel (for chemical stimula-
tion via transport of a gene delivery vector) (Figure 7E).[143] Jeong 
et al. generated a wireless optofluidic neural probe incorporating 
microfluidic channels (each of which enabled delivery of an inde-
pendent fluid) and a cellular-scale inorganic micro-LED arrays 
(Figure  7F).[144] Canales et  al. employed a thermal drawing pro-
cess (TDP) to produce multimodal fiber probes that combined 
optical stimulation, drug delivery, and neural recording capabili-
ties; these probes were used to record single action potentials in 
channelrhodopsin-expressing transgenic mice (Figure 7G).[145]

2.2.7. Conclusion

Taken together, these stimulation modalities offer possibilities 
for modulation of neural activity in human subjects beyond 
currently the clinically applied electrical and magnetic methods. 
Although careful testing is required to ensure safety and 
efficacy, it may be possible to improve the specificity of stimula-
tion for anatomical regions and cell types. Indeed, clinical trials 
involving lentiviral vectors that could in the future be capable of 
introducing optical, ultrasonic, mechanical, and magnetic sen-
sitivity to neurons are ongoing.

2.3. Power and Energy Devices

The variety of form-factors of neural-interfacing devices has 
necessitated the development of innovative means of powering 
such devices. Given the long history of use of batteries in con-
tained and implantable medical devices (e.g., pacemakers), 
most neural interface device powering strategies have focused 
on use of batteries. However, batteries are chemically reactive, 
and require rigorous encapsulation. Form factor customiza-
tion is also limited, increasing the size and weight of devices. 
Alternatively, energy converting approaches have been explored 
for powering implanted devices. For example, externally gener-
ated mechanical waves (i.e., ultrasound) can propagate through 
tissue to reach implanted devices containing piezoelectric mate-
rials for conversion of incident ultrasonic energy into electric 
charge. Furthermore, both piezoelectric and triboelectric mate-
rials (which respectively convert mechanical force into charge, 
or produce charge through contact electrification and elec-
trostatic induction during frictional contact of surfaces with 
opposing polarities) can be applied to harvest the mechanical 
energy of human motion. The mechanical-to-electrical approach 
is therefore most applicable when a device is used in a region 
involving motion (e.g., on a peripheral nerve, or on the skin).

A similar approach can be employed to deliver power through 
transformation of electromagnetic energy. Electromagnetic 
waves can propagate through air to reach epidermal devices, 
or (though more attenuated) through tissue to reach implanted 
devices. Photovoltaic materials, which convert the energy of pho-
tons into energy of electrons, can be applied to power devices. 

Although electromagnetic waves can reach implanted devices, 
these waves must overcome absorption by the body and imped-
ance mismatches (such as those existing between air, bone, and 
tissue) to do so. As a result, magnetic fields, which are only 
slightly affected by absorption or impedance mismatching, have 
also been exploited for powering. These external magnetic fields 
can be converted into local electric fields through inductive coils 
or magnetoelectric materials localized on the devices. This sec-
tion will review the materials that enable the various approaches 
to powering neural-interfacing devices.

2.3.1. Chemical Energy

Both rechargeable and nonrechargeable batteries have been 
used within implantable devices. The implantable pulse gen-
erators (IPGs) that achieve deep brain stimulation are available 
in both fixed-life and rechargeable options, with their batteries 
lasting an average of three to five years, or 10+ years with 30 min 
of charging for two to three days per week, respectively.[146] The 
batteries of IPGs used for vagus nerve stimulation also require 
replacement; of the 1144 VNS procedures performed by a single 
surgeon between 1998 and 2012, 27% were performed due to 
generator battery depletion.[147] To limit battery size, implantable 
devices may employ step-up converters, which output a voltage 
higher than the input voltage. Azin et al. developed a 10.9 mm2 
intracortical microstimulation system-on-chip that employed a 
dc-dc converter to generate a 5.05 V power supply from a 1.5 V 
battery. The converter provided a maximum DC load current 
of 88 µA from 5.05 V to allow for an average stimulus rate of 
>500 Hz on each of eight channels (Figure 8A).[148]

2.3.2. Mechanical Energy

To enable wireless power transmission through mechanical waves, 
a piezoelectric crystal on the implanted device must receive and 
convert the mechanical energy into electricity. However, that crystal 
can also operate as a transmitter. Seo et al. devised a sub-millimeter  
implantable device involving a lead zirconate titanate (PZT) 
piezoelectric crystal, transistor, and a pair of recording electrodes. 
Because the PZT could both absorb and reflect ultrasonic energy, 
an external transducer could alternate between transmitting a series 
of pulses and listening for reflected pulses to power the device, or 
detecting the encoded electrophysiological signals (Figure 8B).[149]

Triboelectric materials have been applied to translate kinetic 
into electrical energy. Lee et  al. investigated how a multilayer 
stack of triboelectric nanogenerators (TENGs) that produced an 
output voltage of 160 Vpp and short circuit current of 6.7 µA 
could be applied for neural stimulation. They developed sling 
electrodes that could be positioned around the sciatic nerve and 
powered with the TENG to selectively activate the tibialis ante-
rior muscle (Figure 8C).[150]

2.3.3. Electromagnetic and Optical Energy

Electromagnetic induction has been applied to power both 
implantable and surface devices. Jow et al. defined a method for 
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designing printed spiral coils geometries to maximize power 
transmission efficiency (Figure 8D).[151] Zhang et al. used mag-
netic resonant coupling to power wireless, implantable opto-
electronic systems for local tissue oximetry at sites of interests, 

including the deep brain regions of mice. Each system’s power 
harvesting unit included a loop antenna optimized to operate 
at 13.56 MHz, and a half-bridge rectifier buffered by a superca-
pacitor. Since the output of the power harvesting unit was also 
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Figure 8.  Power transmission strategies. A) Block diagram for typical neural stimulator. DC/DC converters boost the supply voltage to the level 
required by the output stage. B) Ultrasound-powered neural dust mote consists of a piezoelectric crystal, single transistor, and two recording pads. 
Reproduced with permission.[149] Copyright 2016, Elsevier. C) Triboelectric nanogenerator in a compressed or released state (top) generates a current  
(bottom). Reproduced with permission.[150] Copyright 2017, Elsevier. D) Square and circular planar spinal coils for inductive power transmission.  
E) Electronic (green box) and injectable modules (yellow) of a wireless oximeter. Loop antenna enables magnetic resonant coupling to an external 
antenna. Reproduced with permission.[152] Copyright 2019, AAAS. F) Resonant cavity for self-tracking energy transfer. Cavity is excited by a continuous-
wave input. Reproduced with permission.[153] Copyright 2015, American Physical Society. G) Optical micrograph of filamentary serpentine silicon solar cell 
(top) and filamentary serpentine inductors and capacitors for RF operation (bottom). Reproduced with permission.[154] Copyright 2011, AAAS. H) A flexible 
highly stable organic solar cell as a power source for heart-rate measurements. Reproduced with permission.[241] Copyright 2018, Springer Nature. I) An 
organic photocapacitor is used to drive an organic ion-pump for local delivery of drug. Reproduced with permission.[155] Copyright 2019, Springer Nature.
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fed into a low-dropout regulator, the systems operated using a 
stable power supply of 3 V (Figure 8E).[152]

Ho et  al. developed a resonant cavity system for wireless-
powering of small-scale implants in mice (Figure  8F).[153] 
This system, which capitalized on the observed localization of 
electromagnetic energy at low gigahertz frequencies, enabled 
creation of implantable wireless optogenetic devices that were 
two orders of magnitude smaller than previously reported wire-
less devices.[128]

The epidermal electronics systems (EES) of Kim et al. could be 
powered either through induction or photovoltaic materials. Given 
that these systems incorporated electrodes, electronics, sensors, 
power supplies, and communication components into ultrathin 
membranes that were laminated onto the skin, material engi-
neering techniques needed to be applied for successful integration 
of all components. The authors therefore developed “filamentary 
serpentine” (FS)-shaped components, including inductive coils 
and silicon photovoltaic cells, for generation of power through 
inductive coupling to separate transmission coils, or solar illumi-
nation, respectively. While the photovoltaic cells could generate 
a few tens of microwatts, generating more solar power output 
would have required compromising the size and mechanics of the 
device. Powering via inductive effects therefore was said to repre-
sent the more appealing alternative (Figure 8G).[154]

Photovoltaics have been integrated into other surface devices 
(Figure  8H). Jakešová et  al. integrated their organic electronic 
ion pump (OEIP) onto a flexible carrier containing organic thin-
film bilayer photovoltaic pixels; the pixels were arranged to pro-
vide the 2.5–4.5 V needed to operate the OEIP (Figure 8I).[155]

Magnetoelectric materials, which transform magnetic fields 
into electric fields through material properties instead of mate-
rial configurations, have also been applied for wireless pow-
ering. Wickens et  al. produced a magnetoelectric stimulator 
(ME) comprised of a magnetostrictive layer and piezoelectric 
layer, whereby the magnetic-field induced strain on the former 
exerts a force on the latter to generate a voltage. The ME could 
produce a variety of stimulation patterns in the 100–200  Hz 
therapeutic window. The authors also demonstrated that rice-
sized ME films of different resonant frequencies could be indi-
vidually addressed in a human phantom when stimulated by a 
magnetic field of the corresponding frequency.[156]

2.4. Substrates and Encapsulation

Choosing the appropriate substrate material and geometry for 
a given neural interface device requires the consideration of 
numerous factors, such as the device’s intended duration of use, 
cost, manufacturability, depth of recording, target neuronal popu-
lation size, and function (i.e., sensing, stimulation, or both). The 
specific substrate used in a probe governs probe properties, most 
essentially the biocompatibility of the device, but also stiffness, 
implantability, anchoring, performance of electrical signaling 
(including SNR, faradic and capacitive mechanisms, sensitivity, 
and selectivity), compatibility with nonelectronic signaling, and 
ease of implementation. Chronic implants (those with appli-
cations that require use for longer than 24 h) must not trigger 
an inflammatory response in tissue to maintain stability over 
long periods of time. Acute implants, on the other hand, need 

only resist acute inflammatory responses and prevent infection 
to maintain short-term stability. Probes that will be used on the 
surface of the skin generally must conform to the skin and may 
require an adhesive in order to anchor to the soft surface. Devices 
recording directly from the surface of groups of neurons, such as 
within cortical or spinal applications, must either conform to the 
neural surface or anchor into a rigid reference such as bone.

2.4.1. Hard Substrates

Early studies of neural interfaces employed hard substrates 
such as metal, glass and silicon. Hard substrates tend to have 
mechanical strength, resist ingress of liquids and vapors, and 
display particular manufacturability due to a large thermal 
budget (Figure 9A–E).[157]

Metals and Metal Oxides: Metal-based microelectrodes, smaller  
than ≈10  000 µm2, can be used for more targeted stimulation 
and are generally used for ECoG and deep-brain applications. 
Commercially available microelectrodes, such as microwires  
(10–300 µm in diameter), are used for invasive neural interfaces 
and come in three main categories: single wire, tetrodes, and multi
wire arrays. Microwire tips can be flat or pointed, with pointed 
tips requiring smaller insertion forces.[158] Microwire arrays are 
customizable and can be obtained from manufacturers such 
as Blackrock Microsystems and PMT Corporation. Designed to 
record on the scale of individual neurons, these arrays must be 
carefully designed to prevent insulative layer delamination and 
avoid noise superimposition.[159,160] The small conduction areas 
in microelectrodes are much more susceptible to degradation 
from permanent faradic oxidation–reduction reactions—in par-
ticular when the stimulation waveform is not charge balanced. 
This is a common problem in Pt and PtIr electrodes.[161] How-
ever, these metal substrates are generally good candidates for 
surface modification with electrode-preserving capacitive charge 
injection as an alternative to faradic charge injection. Surface 
modification with coating can also be used to improve sensing. 
Titanium metal electrode substrates have good compatibility with 
TiN, which can be grown as a fractal (high surface area) thin film.

Commonly used metal substrates have favorable properties 
such as efficient transmission of neural signal frequencies and 
low inherent impedance. They are also compatible with sur-
face modifications for tuning impedance in order to improve 
SNR.[55–57] Metal substrates are hard, but have low risk of 
brittle fracture, resist ingress of gases, vapor, and liquid, and 
can be detectable with MRI after implantation. However, there 
are limitations to the use of metal substrates. Metal substrates 
are often the electrode itself, therefore each metal electrode is 
limited to one signal along the conductor (“single channel”) 
or requires expensive special fabrication. Due to the propen-
sity toward permanent deformation of small metal probes, 
accidental bending has been reported to cause deviation from 
intended trajectory.[162] Furthermore, these electrodes are gener-
ally susceptible to deterioration during stimulation and require 
a charge balanced waveform or surface modification to enable 
capacitive charge injection. The inherent hardness of metal 
substrates makes these electrodes stiffer than surrounding 
tissue and has been widely observed to incite a fibrotic immune 
response, which also attenuates the neural signal.[102,163] The 
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hardness of metal substrates can also result in cell death from 
implantation trauma. Metal substrates are generally fabricated 
with traditional fabrication techniques rather than microfab-
rication, making continued miniaturization expensive in both 
reducing electrode size and connecting electrodes to backend 
equipment.

Silicon, Glass, and Diamond: While metal substrates have been 
extensively studied, silicon and glass enable finer resolution in 
neural interfaces. Silicon micromachining is well defined for 
MEMS applications, and has been used to fabricate large, dense, 
parallel arrays for spinal cord, peripheral nerve fibers, ECoG, 
and intracortical recording.[57,164] Silicon substrates are not of-
ten used for noninvasive recordings, as they are best suited for 
recording microscale processes.[165] Silicon probes are generally 
used for recording, though monolithic circuitry built directly into 
silicon substrates has been used to develop two way neural inter-
faces.[166,167] Silicon substrates are prevalent in the semiconduc-
tor industry, making the integration of active or computational 
elements straightforward. Commercially available examples of 
silicon neural interface arrays are Utah arrays and Michigan 
probes. Utah arrays are usually limited to a few square milli
meters in overall recording area and are made by bulk etching of a 
partially doped silicon wafer to form needle-like electrodes with 
fixed spacing, usually 40–300 µm in diameter. When inserted, the 

base of the Utah array floats over the area of insertion (such as 
the brain or spinal cord). Michigan probes are capable of greater 
depth insertion, but all the electrodes lie along the plane of the 
probe and are oriented on one side of the probe, which can result 
in “backside shielding” that affects signal processing of LFP.[53] 
Multiple electrodes are fabricated along the length of each comb 
in the array, and the implantation of these probes is largely simi-
lar to the insertion of a Utah array. The notable machinability and 
high-quality masking oxide material available for silicon process-
ing also enables the formation of drug delivery cavities.[168]

Silicon probes provide considerable advantages over pre-
decessor substrates due to silicon’s inherent customizability. 
Silicon is arguably the most machinable substrate available 
for micromachining due to well-characterized processes and 
unique anisotropic properties. This machinability results in 
precise recording layouts and the ability to fabricate multiple 
channels along the length of a probe needle.[169] The increased 
number of channels allows for 3D recording at a density that 
was previously unattainable using metal probes. Further, the 
ubiquitous processes improve the consistency among probes 
in the array and lower production costs. Though silicon probes 
are widely used in neuroscience research applications, these 
probes must be used with caution. Silicon probes are brittle, 
and are prone to breaking due to handling during insertion.[162] 
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Figure 9.  Examples of hard and soft substrates used in neural interfaces. A) Conventional optical fibers or glass pipettes become multifunctional 
neural probes upon application of nanoelectronic coatings (NECs). Reproduced with permission.[242] Copyright 2017, American Chemical Society.  
B) SEM of nichrome (NiCr) metal tetrode showing detail of metal substrate with polyimide insulation. Reproduced with permission.[243] Copyright 2018, 
The Korean Society for Brain and Neural Sciences. C) Utah Slant Electrode array with graduated penetration depths. Reproduced with permission.[244] 
Copyright 2014, Elsevier. D) Michigan probes, fabricated at the University of Michigan in 1994, built by bulk etching silicon substrates. E) Close-up 
of carbon substrate microthread with carbon core and poly(p-xylylene) coating. Reproduced with permission.[178] Copyright 2012, Springer Nature.  
F) Vapor-liquid-solid (VLS) silicon probes are mechanically flexible due to the growth direction and single-crystalline nature of silicon. Reproduced with 
permission.[245] Copyright 2010, Elsevier. G) Conformable parylene substrate with micropatterned gold electrodes and conductive traces. Reproduced 
with permission.[49] Copyright 2015, Springer Nature. H) Stretchable PDMS substrate with micropatterned conductive wires and electrodes. Reproduced 
with permission.[51] Copyright 2018, Wiley-VCH.
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In addition, the useful size of the array is limited by the flatness 
of the silicon substrate in relation to the natural curvature of 
physiological tissue. Large arrays will not be able to penetrate 
these curved surfaces at a consistent depth, and therefore have 
limited usefulness. Silicon arrays are often used in research of 
large mammals and nonhuman primates, Utah arrays are FDA-
approved for research in human subjects. Uncoated silicon will 
degrade over time with exposure to ionic fluid, and generally 
chronic probes require an insulative polymer coating.[170]

Since silicon probes may be susceptible to fouling, doped 
diamond probes have been also explored due to their biocom-
patibility, low capacitance, low fouling, and high charge density 
properties.[171,172] Some diamond probes are stiff like silicon, 
but if thinned sufficiently are somewhat flexible. However, the 
modulus of this material is still higher than that of adjacent 
tissue.[172] The ultimate issue to overcome with rigid probes is 
the modulus mismatch between the probe and native tissue 
at the implant site. This mismatch can lead to general drift 
in physical position, and a signal limiting glial encapsulation 
immune response which significantly impairs the signal integ-
rity for chronic recording.[57,160,173,174]

2.4.2. Soft Substrates

Soft substrates are conducive to nearly all neural interface 
applications. For implanted probes, soft substrates have been 
developed with the goal of overcoming immune responses that 
attenuate signal, while retaining extremely small feature sizes 
(Figure  9F,G). Devices built on soft substrates are capable of 
recording high spatiotemporal resolution signals, from single 
neurons to micro-LFP. Commonly used soft substrates such 
as parylene-C, polyimide, and SU-8 have excellent compat-
ibility with the microfabrication techniques that make silicon 
versatile, while having Young’s moduli orders of magnitude 
lower.[157] The additional moldability of soft substrates can be 
leveraged to fabricate 3D structures with pockets to facilitate 
the growth of neurons into the probe or provide reservoirs for 
drug delivery.[175,176] Soft implants are usually inherently dielec-
tric and are often used as the signal isolating insulative layer 
on the device. The modulus of soft implants must be carefully 
selected: if too soft, the implant can deteriorate, but if too hard, 
the implant can instigate an immune response. Soft substrates 
tend to have lower densities and are more compliant, making 
them comfortable for use as wearable external neural interfaces.

Flexible: With a long history as a final coating material for 
implanted medical devices, parylene-C is a Class VI implant 
grade material deposited by a highly conformable chemical 
vapor deposition process. Parylene resists immune response 
and moisture uptake, and therefore preserves recording signal 
strength over long periods of time.[177] The standard thickness 
for parylene substrates is very thin (<10  µm) but maintains 
integrity during handling. After fabrication, probes built on 
parylene substrates retain significant conformability, allowing 
them to conform on the surface of skin or neural tissue. Par-
ylene can be coated over a hard substrate, such as a silicon 
wafer, and released after microfabrication of closely spaced 
thin film electrodes. This high-resolution fabrication process 

enables parylene devices to cover large areas, regardless of 
tissue curvature, at spike resolution.[49,178,179]

While polyimide has been shown to produce a lesser 
immune response than silicon does, it is not rated for long-
term implantation. Polyimide substrates are fabricated with 
excellent thickness control by spin-coating precursor liquid 
onto the surface of a wafer, or by molding. Polyimide films can 
be etched slowly using photopatterning and solvent, but are 
more often patterned into their final shape using laser ablation, 
oxygen plasma or DRIE. Polyimide films require a final 400 °C 
baking cure step, which limits their compatibility with organic 
sensors that generally have a low thermal stress tolerance.[180] 
Once released, the polyimide substrate, usually between 10 and 
50 µm thick, is still very flexible.[181] Because polyimide can be 
spin-coated to a range of desired thicknesses, it is often selected 
as a substrate for flexible neural interface devices.[123,182,183] Poly-
imide substrates are too flexible for penetration into the body 
without an additional “shuttle,” a stiff support structure to facil-
itate implantation that is subsequently withdrawn.

A common soft lithography approach utilizes the photosensi-
tive polymer SU-8 as mold material. SU-8 resist liquid comes in 
many spin-coating formulations to achieve thickness between 
2 and 100 µm with excellent aspect ratio capability from man-
ufacturers such as Microchem.[184,185] SU-8 substrates can 
be molded or spin-coated to fabricate flexible structures that  
are stiff enough to penetrate tissue, such as microneedles, while 
retaining control of small features.[186] These stiffer structures 
are an alternative to the structural shuttle needed for softer 
materials like polyimide and parylene.[187] However, SU-8 is not 
rated for long term implantation, and can be prone to breaking 
at the size needed to perform single neuron recording.

Stretchable: Flexible substrates are able to match the material 
properties of the surrounding tissue, but further material prop-
erties are necessary for interfacing with neurons in dynamic 
environments such as the spinal cord or peripheral nerves. 
Materials such as silicone derivatives can be molded and cured 
to form stretchable substrates (Figure  9H).[51,123] Minev et  al. 
demonstrated the use of a flexible silicone probe for use in the 
spinal column that avoids the need for fixation, due to the inher-
ent conformation of the silicone-based material.[142] Silicone can 
be customized to form a range of elastomers with different prop-
erties through different crosslinking mechanisms, conferring 
a high degree of versatility.[188] PDMS in particular has shown 
promise as a stretchable substrate.[51,189,190] Because stretchable 
substrates are able to re-form after significant deformation, 
there are opportunities for interfacing with dynamic surfaces.[191]

2.4.3. Environmentally Dependent Substrates

Soft materials enable significantly longer term implantation 
periods, but lack properties needed for ease of implantation 
and handling. Parylene and polyimide soft probes generally 
require a shuttle for deep brain access, and are at risk of folding 
or deforming during insertion, even when used with a support 
shuttle.[186] As seen with SU-8, there is a desire to forgo softness 
in order to fabricate a device hard enough to penetrate tissue 
during implantation.

Adv. Funct. Mater. 2020, 30, 1909165
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Substrate materials that leverage the implant environ-
ment to dictate the stiffness of the material provide a solution 
to this problem. Examples of such materials are hydrogel-
coated microneedles (Figure  10)[192,193–195] and thermoplastics, 
or thermally reactive copolymers that are implanted quickly 
and soften at biological temperatures.[196,197] In some cases, 
the structural support material for extremely thin probes can 
be used to improve manipulation during implantation, after 
which the support material dissolves into the water at the 
implant site. Kim et al. developed a device that utilized a silk 
support material, and was shown to conform tightly to the 
curvature of the brain after the support material dissolved.[198] 
Other dissolvable materials such as chitosan, maltose and PEG 
have been used as transient support structures that coat the 
soft device during implantation and subsequently dissolve. 
Recently, Rauhala et  al. demonstrated the capacity to utilize 
chitosan for in vivo localization of neural interface devices and 
freestanding, stable, biocompatible films.[199] Use of these sub-
strates opens the door to improved control over the implanta-
tion process.

In some cases, probes that require extensive surgery for 
implantation and healing will later require explant sur-
geries. The explant surgery puts the subject at risk of infec-
tion and necessitates the inconvenience of surgical healing a 
second time. The use of dissolvable metals such as Mg, Mo, 
Fe, and Zn—which are naturally found and essential to bio-
logical function in humans—was explored by Yin et  al.[200] 
However, extensive studies on a completely dissolvable device 
have yet to be completed. Similarly, dissolvable biocom-
patible polymers such as polylactide, poly(ε-caprolactone), 
poly(polyol citrate) stretchable segmented poly-urethane,  
polyvinyl alcohol (PVA), poly(lactic-co-glycolic acid)(PLGA), 

and poly(polyol sebacate) may be used to control the lifetime 
of the device.[201,202]

2.4.4. Encapsulation

Early bare electrodes used for single neuron recording were 
often limited to use over hours or days, due to both size and 
biocompatibility of material. The stable life of electrodes was 
extended when materials such as stainless steel, tungsten, 
and platinum were miniaturized into microwires coated with 
electrical isolation polymers that enabled recording of dura-
tions up to nearly a year in primates.[57] However, electrodes 
exhibited wide variation and signal quality deteriorated over 
time, inspiring the first encapsulation for anti-inflammatory 
isolation.[203] Conducting material used for interconnects and 
internal components of implants must be electrically isolated 
outside of recording regions to ensure function. Some metal 
and silicon electrodes will degrade in ionic solutions, but are 
still fabricated from these materials for ease of manufacture 
and high controllability. Beyond basic stability and functionality, 
electrodes in biological systems must resist fouling and other 
immune responses to prevent signal variability and degrada-
tion over time.[55,57,162] Therefore, encapsulation techniques are 
used to retain the desirable substrate properties, often related 
to impedance and mechanical strength, while modifying the 
biological interface. Essential considerations are implant dura-
tion, substrate properties, and final form factor. Effective encap-
sulation prevents ingress of ions, fluids, and gases, acts as 
electrical isolation, and limits biological immune responses. In 
some applications, the encapsulation can also provide mechan-
ical strength or promote integration with surrounding tissue. 
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Figure 10.  Environmentally dependent substrates have variable properties at different stages of use. A) Soft alginate hydrogel-coated silicon neural probe 
for improved early-stage integration with native tissue. Reproduced with permission.[192] Copyright 2009, Wiley-VCH. B) Thermally sensitive and water- 
softening neural probe with near-tissue modulus at room temperature. Reproduced with permission.[197] Copyright 2019, Springer Nature. C) Car-
boxymethylcellulose (CMC) dissolvable shuttle for insertion of compliant neural probes. Reproduced with permission.[246] Copyright 2014, Elsevier.  
D) Recording arrays made of ultrathin polyimide with silk support material. Reproduced with permission.[198] Copyright 2010, Springer Nature. E) Self-
assembled monolayer (SAM)-coating of insertion shuttles improves flexible probe delamination. Reproduced with permission.[247] Copyright 2009, Elsevier.  
F) A planar OTFT deploys into a helix and wraps around a rod (r = 2.25 mm). Reproduced with permission.[248] Copyright 2014, Wiley-VCH.
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Recording devices exposed to the biological environment must 
interact only as necessary to provide long term, stable record-
ings (Figure 11).

Techniques: Encapsulation techniques include coating, mold-
ing, and encapsulation within a housing, sometimes referred to 
as a “can.” Each technique confers unique properties related to 
the size of the final product, conformability of the coating mate-
rial and structural support. Coating techniques such as electro-
spinning, spraying, dipping, chemical vapor deposition (CVD) 
and physical vapor deposition (PVD) result in a roughly uniform 
increase in size. This approach is ideal for applications where 
the size of the implant must be minimized. Metal coatings are 
often deposited with PVD, while polymers are deposited via 
spraying, dipping, and CVD techniques.

Molding of electrodes usually involves polymers for their low 
process temperature, and is generally an irreversible process. 
Once set, the device is permanently encapsulated. Molding 
techniques allow for the embedded device to take on new 
shapes that can involve anchors or teeth for improved fixation. 
The material used to make the mold must be specially selected 
to release the encapsulation material after setting.

Devices with complex circuity that may need to be replaced, 
repaired, or inspected after use take advantage of housing 
approaches to encapsulation. Housing is made of stiff materials, 
to protect potentially fragile components within, and is welded 
to achieve a hermetic seal. Neural interfaces that are completely 
implanted, such as deep brain stimulation devices, have battery and 
circuit components encapsulated within a housing. This housing 
may also act as ground or reference for some sensing devices.

Finally, encapsulation may be part of the fabrication process 
itself, where a biocompatible polymer is both the substrate and 

encapsulation of the device. Examples of such an approach 
include devices with integrated antennas for communication, 
which may be fabricated monolithically.

Organic Materials: Epoxies were one of the first encapsulation 
mechanisms for chronically implanted devices (Figure  12A). 
However, these devices were prone to corrosion and degradation 
if the epoxy was not completely filled or any air gaps remained 
in the device. For more modern encapsulation techniques, the 
encapsulation takes place in a dehydrated, oxygen-free environ-
ment (often replaced with nitrogen) before hermetic sealing to 
limit corrosion of electronics.

Silicone derivatives are a commonly used encapsula-
tion material in commercially available medical devices 
(Figure  12B,C). Silicone is biocompatible, biostable, straight-
forward to implement and is approved for use with implanted 
devices. Silicone in medical applications can be coated and 
cured at room temperature (common one-component room 
temperature vulcanizing (RTV) silicones use acetoxy or alkoxy 
reactions) or dip coated thinly (about 100 µm) and vulcanized 
with heat to the final state. Thixotropic non-slump silicone 
is viscous and can be used to selectively coat the device sur-
face. Self-leveling silicone is thin and can be used for potting 
or molding. However, silicone coatings are not perfectly con-
formal, tend to be somewhat thick, and may shear under pres-
sure if not vulcanized.

Polyurethane is more expensive than other coating materials 
and is not rated for permanent implantation as it tends to degrade 
over several years. However, polyurethane is an extremely versa-
tile polymer in which the ratios of soft backbone and hard diiso-
cyanate components can be adjusted to create elastomers or hard 
plastics. It can be fabricated using a wide range of techniques 
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Figure 11.  Encapsulation techniques for neural-interface devices. A) Parylene-C coated silicon shafts of Utah array. Reproduced with permission.[249] 
Copyright 2019, Springer Nature. B) Polyimide-insulated tungsten microwires. Reproduced with permission.[257] Copyright 2018, T. D. Y Kozai.  
C) Low-water-absorption liquid-crystal polymer (LCP) encapsulated retinal electrode. Reproduced with permission.[209] Copyright 2013, American  
Chemical Society. D) Metal housing used by NeuroPace, such as FDA approved biocompatible titanium. Such housings are often welded closed for 
a hermetic seal and further coated with parylene-C as a precautionary measure. Adapted with permission.[258] Copyright 2015, Elsevier. E) Ceramic 
encapsulation of flame retardant-4 (FR-4)-based printed circuit board (PCB). Feedthroughs are metal tracks on ceramic substrate.
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including extrusion, dipping, and molding. Polyurethane has 
unique toughness that can be used to form strong, thin flexible 
cables.[204] For medical applications, polyurethanes with aromatic 
diisocyanates are preferred for favorable chemical resistance. 
The soft backbone component traditionally used in cardiac appli-
cations makes the polymer hydrophobic, but can be replaced 
with another polymer such as PEG to create a biocompatible 
nonfouling hydrogel.[205] Polyurethane formulations have also 
been shown to be compatible with antimicrobial additives such 
as silver.[206] For neural applications, use of polyurethanes is gen-
erally found on metal probes rather than silicon.

Polyimide is a biocompatible coating with excellent elec-
trical insulation properties that can be coated as thin as 7 µm 
(Figure  12D). Polyimide is a common coating material for 
microwire electrodes, coated everywhere and then ablated in 
regions to be exposed. However, over time polyimide coatings 
show wear when exposed to aqueous environments and many 
formulations are not suitable for chronic implantation.[207,208] 
Companies such as Tucker-Davis Technologies fabricate probes 
with polyimide-insulated tungsten arrays.

Liquid crystal polymer (LCP) is a promising material for 
encapsulation with limited commercial adoption. LCP is 
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Figure 12.  Flexible and stretchable interconnect. A) Flexible SU-8 probe deposited on graphene and insulated with PDMS, where graphene acts as 
single-signal conductor. SU-8 provides sufficient stiffness to penetrate tissue Reproduced with permission.[250] Copyright 2013, Elsevier. B) Au–TiO 
nanowires on stretchable PDMS substrate, shown before and after 30% extension. Reproduced with permission.[51] Copyright 2018, Wiley-VCH. C) Use 
of silver flakes as a conductive filler in elastomeric fluorine copolymer embedded to make conductive ink. Ink is printed onto into stretchable PDMS 
substrate, and retains conductivity of more than 100 S cm−1 up to 260% stretching. Reproduced with permission.[223] Copyright 2015, Springer Nature. 
D) Flexible polyimide device with gold conductor traces interconnecting flexible silicon nanomembrane transistors. Cable is robust enough to be folded 
in half and retain conductivity. Reproduced with permission.[79] Copyright 2011, Springer Nature. E) PEDOT:PSS electrodes on highly conformable 
ultrathin optically clear parylene substrate improves visualization of electrode placement. Highly conformable properties fix probe to location while 
perforations tolerated by parylene substrate allow CSF flow. Reproduced with permission.[251] Copyright 2017, AAAS. F) FET nanoprobes integrated into 
flexible SU-8 substrate result in injectable neural probes. Reproduced with permission.[219] Copyright 2018, Elsevier. G) Stretchable thin film cracked 
gold interconnects (top) and Pt–silicone stretchable composite as electrode material (bottom). Reproduced with permission.[142] Copyright 2015,  
AAAS. H) Stretchable PDMS ribbon with transparent carbon nanotube conductors transmitting electrode signal to recording area with electrochemical 
impedance below 0.4 MΩ in 7.4 pH saline for sensing compatible with optogenetic stimulation. Reproduced with permission.[222] Copyright 2018, 
American Chemical Society. I) Stretchable gold serpentine shapes over a skin replica material, with SEM image artificially colored to highlight conformal 
contact over topography. Reproduced with permission.[225] Copyright 2014, Springer Nature.
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a thermoplastic that is typically molded into a final form, 
such as films for coating or extruded as a coating for wires. 
Among LCP’s favorable properties are extreme resistance to 
water ingress, biostability, and reliable dielectric properties. 
The limited adoption of LCP is often due to poor adhesion of 
LCP to other materials and limited encapsulation techniques, 
making LCP best for applications where preformed LCP can be 
used.[209–213]

Finally, parylene-C is used in applications where a truly con-
formal coating is desired (Figure 12E). Parylene is deposited by 
transferring a dimeric gas directly onto the part to be coated. 
As parylene is deposited onto the device, thin layers are formed 
with low pinhole occurrence. This extremely thin layer shows 
excellent biocompatibility is can be used as a secondary coating 
after other encapsulation techniques are used.[214] Often even 
hermetically sealed devices have an additional parylene coating 
for increased reliability.

Teflon (PTFE) is a polymer that can be deposited with CVD, 
like parylene. Teflon is extremely nonreactive and can be used 
as a lubricous or nonfouling surface. Teflon has a hydrophilic 
surface, and can be used to generally prevent sticking between 
parts.

Inorganic Materials: Metals and metal oxides have been used 
to modify substrates in a variety of ways. From small modifi-
cations that improve the conductive tissue-device interface to 
sturdy encapsulation housings, certain metals enhance the de-
vice-tissue interface.[160] Metals for housings include titanium, 
nickel-titanium (nitinol), stainless steel, and cobalt-chrome, 
which have good strength and wear resistance. Gold, tantalum, 
and platinum are stable in the body but due to their soft nature 
are not usually structural elements in a device. However, tan-
talum can be incorporated into the encapsulation to provide  
detectability after implantation.

The gold standard for commercial neural devices with cir-
cuitry is a titanium can coated with parylene for additional 
protection. Titanium has a history of exceptional biostability 
and biocompatibility for chronic implantation. These shells 
are sealed for hermeticity to prevent moisture from affecting 
the circuitry inside, and often are filled with inert gas, such as 
nitrogen, and a desiccant for additional protection from corro-
sion. Brands like NeuroPace and NeuroVista build closed loop 
seizure detection systems that are completely implanted in 
the body. Both devices utilize a titanium can, embedded into 
the skull or chest tissue, to protect electronics from corrosion.

Glass encapsulation has not been demonstrated with 
modern neural probes, but has been shown to be possible in 
other long-term implanted medical devices. CardioMEMS, a 
blood pressure monitor placed within the pulmonary artery, 
is encased in glass using anodic bonding of two extremely flat 
glass surfaces.

Ceramic encapsulation is commercially available through 
companies such as CorTec, which are able to fabricate many 
electrode access holes due to superior machinability. Ceramics 
are ideal for applications where the encapsulation must be 
electromagnetically transparent, such as for devices that rely 
on communication via radiofrequency or infrared, or are pow-
ered inductively. Ceramic encapsulation has also been found 
to outlast standard titanium housing packaging in moisture 
resistance.

2.5. Interconnects and Connector Materials

Neural interfaces collect signals on the order of tens to hun-
dreds of microvolts, which must then be amplified and filtered. 
Interconnects are essential parts of neural interface systems, 
connecting the signal collected at the electrode to backend 
signal acquisition, such as preamplifiers or acquisition PCBs. 
Signals that must traverse the interconnects can be either 
analog or digital, depending on the probe digitization scheme. 
In order to maintain the integrity of the electrode location, 
interconnects should be able to handle the changing relative 
positions of the electrodes and backend of neural interfaces. 
In early silicon neural interface devices, wires coated with non-
reactive PTFE extended from the electrode to the backend.[162] 
However, the stiffness of connector wires limited connection 
of devices to backend electronics that were mounted to a fixed 
location such as the skull. The inherent mechanical forces and 
torque on the wire would dislodge probes recording from loca-
tions such as the spinal cord and peripheral nervous system, 
spurring the need for solutions to decouple these mechanical 
forces.[162] Furthermore, the interconnect scheme is often a 
bottleneck limiting the miniaturization of devices. As the 
number of recording sites that can be simultaneously recorded 
increases, the connector must be able to scale alongside the 
technology to transmit data to backend processing.

2.5.1. Ribbon

Ribbon cables relieve forces between electrode and backend by 
bending and warping to accommodate movement (Figure 13). 
Ribbon cables can be flexible or stretchable, usually with a 
dielectric insulating substrate containing a conductor able to 
retain conductive properties when manipulated. The ribbon 
is responsible for sending electrical or optical signals over 
the distance between the recording electrode and backend 
processing.

Flexible: Flexible ribbon cables can be built on substrates such 
as polyimide, parylene-C and SU-8. Ribbon cables must be robust 
enough to maintain integrity when bent, folded, and connected 
to backend equipment. Polyimide flexible interconnect cables 
are often integrated directly onto electrode probes, maintaining 
flexibility over the length of extension to backend, which can be 
multiple centimeters in length. The high-temperature resistance 
of polyimide, also known as Kapton, makes it compatible with 
solder-bond pads.[79,181,183,215,216] Polyimide cables also have the 
stiffness necessary to be used with zero insertion force (ZIF) con-
nectors.[217] The higher thickness of polyimide provides sufficient 
insulation and has low likelihood of forming pinholes, which 
may otherwise compromise the integrity of the signal transmis-
sion. However, because polyimide is not rated for long term 
implantation due to high moisture uptake (≈4 wt%),[177] benzo-
cyclobutane has been demonstrated as an alternative by Lee at 
al. In this device, microfluidic channels were incorporated into 
the ribbon as well, making the ribbon effective for both electri-
cal communication and fluid transfer. For applications where 
the environment is more dynamic, parylene-C ribbon cables are 
flexible and thinner than polyimide.[92,218] In addition, parylene is 
rated for long-term implantation, conferring another advantage 
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over polyimide in some situations. Using parylene, Hong et al. 
developed a large-scale mesh of electrodes.[219] This parylene in-
terconnect scheme was robust enough to be forced into a needle, 
injected into the brain, and allowed to unfurl. The interconnect 
allowed signal from many recording sites to be transferred to 
backend processing while matching the mechanical properties 
of the tissue through which it traversed. For applications where 
optically transparent properties are necessary for the interface, 
the use of ITO was investigated, but was found to be unable to 
flex due to its brittle nature and limited by high temperature pro-
cessing. Instead, the use of graphene on SU-8 and PDMS creates 
a conductive, optically transparent ribbon that is also capable of 
flexing.[220]

Stretchable: Flexible substrates are excellent for applications 
where mechanical properties of tissue must be matched, but 
these substrates generally cannot handle elongation through 
stretching. Stretchable ribbon cables open the door to neural 
interfaces in highly dynamic environments such as the spinal 
cord and peripheral nervous system. Standard thin film deposi-
tion, if deposited incorrectly, will delaminate and break when 
the stretchable substrate material is deformed.[79] However, it 
has been shown that some gold patterned films deposited on 
prestretched substrates are able to form forgiving microcracks 
that maintain conductivity when stretched (Figure  12G).[176,190] 
The use of nanostructures such as gold and silver nanowires 
can preserve conductivity of 5285 S cm−1 (original conductivity 
8130 S cm−1, sheet resistance 0.25 Ω □−1) even after repeated 
stretching to 1.5 times the original length.[189] However, the re-
sistance of carbon nanotubes (CNTs), gold nanowires (AuNW), 
silver nanowires (AgNW) and silver nanoparticles (AgNPs) will 
vary with respect to elongation, warping the recorded signal 
(Figure  12H,I).[51,189,221–223] Devices utilizing these technologies 
require characterization of impedance changes for use. Beyond 
stretchable materials, serpentine ribbon cables can rely on the 
low impedance properties of conventional metals using a ser-
pentine shape, functioning like a spring to decouple movement. 
These serpentine shapes can be fabricated at many length scales, 
including atomic scales as shown by Tang et  al. with CNT on 
PDMS.[224] Combinations of serpentine patterns in complemen-
tary positions elicit stretch compatibility with additional degrees 
of freedom.[225,226] For applications where it is essential for the 
ribbon to maintain conductivity but also optical transparency 
during stretching, it has been shown that CNT on PDMS can be 
used to monitor neural circuits with both electrical and optical 
approaches.[222]

2.5.2. Connectors

It is necessary to create connectors that bridge the differences 
in conductor schemes, substrate properties, physical loca-
tion, and signal postprocessing technology. Connectors repre-
sent the scheme used to transfer neural information from the 
interconnects to the backend recording system, and dictate the 
scalability, manufacturability, and integrity of the data transfer 
over time. Technologic advancements that produced micro
arrays on the 100 µm scale were able to achieve high recording 
site density but involved cumbersome wire bonding, bundling, 
and probe guiding techniques (Figure 14A–D). Hard substrates 
such as silicon and other MEMS probes are compatible with 
fusion, eutectic, anodic, and wire bonding systems.[227–229] An 
alternative to wire bonding, which requires large equipment, is 
solder ball bonding. This process is heat-activated and allows a 
connector with well controlled dimensions to be reflowed and 
connect to the probe electrode.[228] However, softer substrates 
have limited compatibility with wire bonding equipment, 
especially as the contact pad sizes have decreased. Anisotropic 
conductive films and paste have been used to selectively con-
nect flexible substrates with greater ease.[198] Bumps fabri-
cated into the films make it possible to reliably connect films, 
but thermocompressive equipment is necessary to control 
the process. With proper pressure and temperature optimiza-
tion, these films can be extremely reliable connectors for soft 
electrodes.[230] Recently, Jastrzebska-Perfect et  al. introduced 
an organic mixed-conducting particulate composite mate-
rial (MCP) that enables facile and effective electronic bonding 
between soft and rigid electronics (Figure  14E).[231] Ultimately, 
monolithic connectors in which the flexible ribbon is connected 
to the device during fabrication, in particular using semicon-
ductor processes, provide the highest manufacturability. This is 
an extremely scalable process, and can be used to connect hun-
dreds of electrodes in tandem.[125,166]

3. Conclusion

Neuroelectronics are critical for the diagnosis and treatment 
of several neuropsychiatric conditions, and are hypothesized 
to have many more applications. A wide variety of materials 
and approaches have been utilized to create innovative neuro-
electronic device components, from the tissue interface and 
acquisition electronics to interconnects and encapsulation. 

Figure 13.  Examples of ribbons used to carry electrode information. A) Bundled Au wire cable with parylene insulation that does not decouple mechan-
ical forces from connector, Reproduced with permission.[259] Copyright 2007, Elsevier. B) Array of wavy, single-crystal silicon ribbons on PDMS (top left); 
individual ribbons are visible (top right, bottom). Reproduced with permission.[252] Copyright 2006, AAAS. C) Fully integrated flexible polyimide ribbon 
cable. Reproduced with permission.[253] Copyright 2017, Springer Nature.
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Although traditional materials have a strong track record of sta-
bility and safety within a narrow range of use, many of their 
properties are suboptimal for chronic implantation in body 
tissue. Material advances harnessed to form all the compo-
nents required for fully integrated neuroelectronic devices hold 
promise for improving the long-term efficacy and biocompat-
ibility of these devices within physiological environments. Con-
sequently, these advances would allow simpler and safer testing 
in animal models and ultimately human subjects, increasing 
the potential for clinical translation that could improve the 
quality of life for patients with neuropsychiatric diseases.
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