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We describe recent advances in soft electronic interface technologies for neuroscience research. Here, low
modulus materials and/or compliant mechanical structures enable modes of soft, conformal integration and
minimally invasive operation that would be difficult or impossible to achieve using conventional approaches.
We begin by summarizing progress in electrodes and associated electronics for signal amplification andmul-
tiplexed readout. Examples in large-area, surface conformal electrode arrays and flexible, multifunctional
depth-penetrating probes illustrate the power of these concepts. A concluding section highlights areas of op-
portunity in the further development and application of these technologies.
Introduction
Breakthroughs in fundamental science often follow from ad-

vances in technology and methodology. In neuroscience, devel-

opment of functional magnetic resonance imaging (fMRI) led to

key insights into the patterns of activity that occur across the

entire brain (Logothetis, 2008). Confocal microscopy and two-

photon techniques with genetically encoded fluorescent indica-

tors of membrane voltage, ion concentrations, and synaptic

transmission, yielded similar advances in understanding through

real-time monitoring of neuronal activity with improved spatial

and temporal resolution (Denk and Svoboda, 1997; Fine et al.,

1988). Positron emission tomography provided molecular level

neuroimaging capabilities for diagnosing brain disorders such

as Alzheimer’s disease (Phelps, 2000). The emergence of opto-

genetic techniques (Deisseroth, 2011), methods for rendering

brain tissue optically transparent (Chung et al., 2013), miniatur-

ized fluorescence microscopes for cellular-level brain imaging

in freely moving animals (Flusberg et al., 2008; Ghosh et al.,

2011), and transgenic multicolor labeling strategies for neurons

(Livet et al., 2007) represent some of the latest examples in

which new technical approaches are enabling fundamental

discoveries.

Recently launched, large-scale research initiatives seek to

build on these and other technologies to revolutionize our under-

standing of the human brain. An ambitious goal is to develop

neural interface systems that can reveal the interactions of indi-

vidual cells and entire neural circuits in both time and space.

Although optical and chemical techniques can play important

roles, capabilities for electrical measurement and stimulation

are essential not only to this type of fundamental research in

neuroscience, but also to the development of procedures for

treating Alzheimer’s disease, Parkinson’s disease, epilepsy,

depression, and many other conditions that originate from aber-

rant neural behavior. Modern electrical neural interface systems

build on a long history, largely involving the development of
advanced electrode technologies. Penetrating pins formed in

micromachined silicon represent popular means for interfacing

directly to brain tissue (Campbell et al., 1991; HajjHassan

et al., 2008), whereas bulk metal electrodes and coupling gels

provide for measurement through the skin of the scalp (Nieder-

mayer and Lopes Da Silva, 2005). Although effective for many

purposes, such systems rely on hard materials in geometrical

forms that establish a poor match to the soft tissues and the

curved, textured surfaces of the brain and the skin; they also

often constrain and frustrate the dynamic, natural motions of

these organs. Consequences include discomfort, irritation,

and adverse immune responses at the critical interfaces (Grill

et al., 2009; He and Bellamkonda, 2008; Polikov et al., 2005;

Ward et al., 2009), thereby creating challenges in non-invasive

initial integration and subsequent chronic operation. Further-

more, the basic architectures of the readout electronics do

not scale effectively to the geometrical areas and the numbers

of independent channels thought to be indispensable for

recording neural data that span the dynamics of isolated neurons

to individual neural circuits, to the entire brain. Such circum-

stances demand alternative materials, component devices,

and functional systems for a next generation of neural interface

technology.

This review summarizes recent progress in these directions,

with an emphasis on approaches that embed soft materials

and compliant mechanical structures in active electronic designs

with potential to achieve spatiotemporal resolution across all

relevant scales. The article begins with an overview of electrodes

with unique capabilities in direct electrical interfaces to the sur-

faces or depths of the brain, and indirect ones through the

skin. Subsequent sections illustrate means for combining such

electrodes with electronic circuits capable of active, multiplexed

readout, per-channel signal amplification, wireless transmission,

and multimodal operation, in each case with representative neu-

ral data to illustrate the functional possibilities.
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Figure 1. Soft Materials for Neural Interfaces
(A) Scanning electron micrograph of a percolating network of gold (Au)
nanoparticles (yellow arrows) and carbon nanotubes (CNT, red arrows) in a
polyimide matrix (Xiang et al., 2014).
(B) Scanning electron micrograph of a styrene-butadiene-styrene (SBS) tri-
block copolymer rubber with a percolating network of silver nanoparticles. The
inset shows a picture of this material while stretched (Park et al., 2012).
(C) Scanning electron micrograph of a PEDOT/CNT composite. Electro-
polymerized PEDOT/CNT offers low impedance (15 kU with a diameter of
30 mm at 1kHz) compared to an Au electrode (330 kUwith a diameter of 30 mm
at 1kHz) (Gerwig et al., 2012).
(D) Atomic force micrograph of Polypyrrole (PPy)/chondroitin sulfate (CS)/
collagen (Col) composite. Collagen fibrous matrix consists of small individual
fibers of collagen with diameter of 150 to �200 nm (Liu et al., 2011).
(E) Scanning electron micrograph of a polyaniline (PANI) / hydrogel composite.
The dendritic nanofibers of PANI (�100 nm diameters) form a 3D inter-
connected network (Pan et al., 2012).
(F) Fluorescent optical micrograph of P12 neural cells in a sericin hydrogel
(Green et al., 2013).
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Soft, Compliant Neural Interfaces
Neural interfaces provide two-way communication between

electronic devices and biological tissues for purposes of mea-

surement and/or stimulation. The materials that serve as the

electrodes play critically important roles, where interactions

involve redistribution of charges (capacitive) and/or transfer of

electrons and ions (Faradaic) at the double layer that forms be-

tween the electrode and electrolyte (i.e., surrounding biofluid)

(Cogan, 2008; Merrill et al., 2005). The charge injection capac-
176 Neuron 86, April 8, 2015 ª2015 Elsevier Inc.
ities and the impedances are generally thought to be most rele-

vant to stimulation and sensing, respectively. Over the past 50

years, various metals, metal alloys, metal oxides, doped semi-

conductors, conductive polymers, and carbon nanomaterials

have been explored. Platinum (Pt) and its alloys with iridium

represent popular classes of metals, due to their chemical stabil-

ity, bio-compatibility, and excellent electrical properties (Merrill

et al., 2005; Petrossians et al., 2011). Here, Faradaic and capac-

itive mechanisms can be equally important, partly due to the

modest injection capacity of Pt (0.05–0.15 mC/cm2), as defined

by the maximum amount of charge per unit surface area that can

be delivered in the leading phase of a stimulation pulse, without

causing irreversible electrochemical reactions. Another widely

used material is iridium oxide, due to its capability for charge in-

jection via fast, reversible Faradaic reactions (Mozota and Con-

way, 1983) associated with oxidation and reduction between

multiple valence states of Ir in the oxide. Resulting capacities

(1–5 mC/cm2) can be greater than those of Pt (Merrill et al.,

2005). Similar performance based on capacitive coupling within

a regime of reversible electrochemical processes (Cogan, 2008)

is possible with titanium nitride (TiN; �1 mC/cm2), also

commonly used for neural electrodes. In all cases, texturing

the electrode surfaces increases their areas, and therefore

lowers the electrochemical impedance, with examples in porous

TiN and sputtered iridium oxide (Cogan, 2008), and enhances the

charge injection capacity (Petrossians et al., 2011).

Although these and other established materials are useful,

they are mechanically hard (�50–500 GPa modulus, �1%–5%

elastic strain limit) and, in conventional forms, they offer shapes

and structural properties that are highly dissimilar to those of tar-

geted tissues. These and other drawbacks create interest in

alternative, soft materials, such as conducting polymers and

nanomaterial composites, which combine low modulus me-

chanics (1 MPa to 5 GPa modulus, 5%–500% elastic strain limit)

and good biocompatibility (Asplund et al., 2009; George et al.,

2005; Humpolicek et al., 2012) with an ability to be molded,

printed or cast into complex, curvilinear shapes matched to tis-

sues of interest, with or without additional nanotextures. These

features facilitate integration on soft, moving biological surfaces

with minimized inflammatory reactions and gliosis. Conducting

polymers such as poly(3,4-ethylenedioxythiophene) (PEDOT)

and polypyrrole (PPy), are attractive due to their low electro-

chemical impedances and high capacities (>15 mC/cm2) (Co-

gan, 2008). Their modest conductivities can be addressed

through the addition of nanomaterials to yield advanced com-

posites that often also increase the active surface areas, without

compromising the soft mechanics. Figure 1 shows some exam-

ples, including a dispersion of carbon nanotubes (CNTs) and

gold nanoparticles in a polymer host (polyimide) (Figure 1A), sil-

ver nanoparticles in a soft elastomer (Figure 1B), and CNTs in a

conductive polymer (Figure 1C) (Castagnola et al., 2014; Gerwig

et al., 2012; Park et al., 2012; Xiang et al., 2014). In the first, elec-

trodeposited nanoparticles decorate a 3D, percolating network

of CNTs (Figure 1A) (Tsang et al., 2012; Zhang et al., 2014).

The CNT/Au composite (< 100 kU for a 500 mm 3 300 mm pad

at 1 kHz) offers much lower impedances compared to those

with Au (�1 MU for a 500 mm 3 300 mm pad at 1 kHz) at all fre-

quencies from 10 Hz to 100 kHz. The mechanics of this type of
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composite can be further improved by replacing the polyimide

with a low modulus elastomer, as shown in Figure 1B for the

case of a poly(styrene-block-butadiene-block-sytrene) rubber

(modulus 1 MPa, compared to �kPa for biological tissue, 0.1–

5 GPa for plastics) loaded with silver nanoparticles at a level

that exceeds the percolation threshold. The resulting material

offers high bulk conductivity even when stretched to strains of

up to 100%. Replacing the nanoparticles with nanowires in-

creases the conductivity, reduces the percolation threshold,

and allows operation at strains of up to 450% and more (Lee

et al., 2012), thereby far exceeding levels of deformation that

occur naturally in neurological tissues. The electrical properties

can be enhanced by use of matrix materials that are conducting

(capacity of PEDOT/CNT >1 mC/cm2). Electrodeposition, for

example, provides a synthetic pathway to composites of PEDOT

with CNTs or polymer nanotubes for brain machine interfaces

(Abidian et al., 2010; Castagnola et al., 2014; Gerwig et al.,

2012). Conducting polymers or CNTs can also bemixedwith bio-

logical materials such as extracellular matrix (ECM) to form

bioactive composites for increased cell adhesion, reduced in-

flammatory response, and accelerated growth rates as well as

improved mechanical (low modulus) and electrical (low imped-

ance) properties (Aregueta-Robles et al., 2014; Chan and

Mooney, 2008; Chen and Allen, 2012). Chemically functionalized

PPy with chondroitin sulfate (CS) provides functional groups for

covalent attachment of biomolecules and can be formed into

composites with collagen (Col) fibers to support cell adhesion

and proliferation (340% higher cell numbers than PPy-CS at

168 hr) (Figure 1D) (Liu et al., 2011). Owing to their biocompati-

bility, ECM-based materials can reduce glial scarring and main-

tain low impedance.

Related composites can also be formed using hydrogels, of in-

terest due to their ability to support stable ionic transfer for low

electrical impedance and to present hydrophilic surfaces for

minimized non-specific protein adsorption (Aregueta-Robles

et al., 2014). Hydrogels can incorporate natural materials, such

as collagen and alginate, or synthetic polymers, such as polyvi-

nyl alcohol (PVA) and polyethylene glycol (PEG) (Lu et al., 2009;

Rao et al., 2012). Copolymer hydrogels of PEDOT/PVA are

notable due to their stable operation and high capacity (0.1 to

�2.5 mC/cm2) (Aregueta-Robles et al., 2014). Figure 1E shows

an example of a conductive polymer/hydrogel composite. Inte-

grating living cells into hydrogels represents an interesting

means to minimize foreign body response, where embedded

neural cells survive as the hydrogel degrades to leave a natural

matrix that blurs the boundary between the electronic and bio-

logical materials (Green et al., 2010; Green et al., 2013). Placing

such a material on a Pt electrode coated with a conductive hy-

drogel (PEDOT/PVA/heparin) allows low resistance connection

to external data acquisition systems. Figure 1F shows neural

cells (PC12, Marinpharm) encapsulated in a PVA-sericin hydro-

gel on top of conductive hydrogel. The capacity (0.81 mC/cm2)

of this type of living cell electrode is similar to that of the

PEDOT/PVA/heparin hydrogel (0.83 mC/cm2); both are higher

than that of Pt.

The match between the moduli of such hydrogels (0.1 to

�100 kPa) and those of the surrounding biomaterials represents

an important feature, as also explored in stimuli-responsive soft-
ening polymer nanocomposites (Capadona et al., 2008; Ware

et al., 2014). Ultimately, however, it is the mechanics at the level

of the device structure that are paramount because they define

the nature of interaction at the neural interface. For example,

thick materials with low moduli can be less favorable than thin,

appropriately designed structures of materials with high moduli.

As a result, both the device architectures and the materials

choices must be considered together in the engineering of a me-

chanically stable, minimally invasive technology. In particular,

soft neural interfaces can be achieved using high modulus, inor-

ganic active materials by forming them into optimized shapes

and combining themwith lowmodulus polymers. Here, thin, nar-

row structures offer effective moduli defined by bending mo-

tions, and by in- and out-of-plane rotations and translations

that minimize the levels of strain in the constituent materials.

The bending stiffnesses of micro/nanoscale wires, fibers, rib-

bons, and membranes can be exceptionally small, due to the

cubic scaling of stiffnesswith characteristic dimension. Figure 2A

shows the case of an electrode that consists of a carbon micro-

fiber (�7 mm diameter) coated with an ultrathin (sub-micron

thickness) layer of PEDOT. This structure can bend and flex

easily, to accommodate natural pulsations and swelling/deswel-

ling of the brain for accurate chronic recording of extracellular

neural potentials from small groups of neurons (Kozai et al.,

2012). Comprehensive mechanical and electrical studies indi-

cate low impedance (�50 kU for a 38.5 mm2 tip at 1 kHz), minimal

damage to tissue associated with insertion, stable operation for

more than 5 weeks, andmuch reduced formation of glial fibrillary

acidic protein (GFAP), microglia or endothelial barrier antigen.

Low stiffness (k, 4.5 3 103 N/m for a fiber with diameter of

8.5 mm and length of 2 mm c.f. 1.5 x 105 N/m for a standard sil-

icon (Si) probe with thickness of 15 mm and length of 2 mm) and

minimal insertion force are key characteristics.

The same principles apply to multifunctional classes of engi-

neered fibers. The example in Figure 2B embeds a set of stimu-

lating/recording electrodes with an optical waveguide for optical

stimulation/interrogation and a microfluidic channel for drug

delivery (Canales et al., 2015). Here, a thermal drawing process

reduces the dimensions of a bulk, manufactured preform (cm’s

in diameter) by two orders of magnitude to produce long, thin

multi-material fibers (85 mm diameter) that have bending stiff-

nesses (K, 4 to �7 N/m for a fiber with length of 12 mm) that

are ten times lower than those of steel wires (125 mm diameter)

widely used in electrophysiology. The same principles apply to

nanoscale materials such as Si nanowires (90 nm diameter)

(Tian et al., 2010) and gold nanowires (�100 nm diameter)

(Kang et al., 2014), which can form flexible interfaces with

demonstrated use in recording of intracellular potentials from

cardiac muscle cells and neural signals, respectively. Nanorib-

bons and nanomembranes of Si offer related mechanics, with

the ability to serve not only as electrode interfaces, but also as

active semiconductors in co-integrated electronics for signal

multiplication and multiplexing, as described subsequently.

Although small dimensions lead naturally to bendability, effec-

tive integration with soft, deformable biological tissues demands

stretchability, i.e., low modulus, elastic response to large

strain deformations. Achieving this outcome with hard, high

performance electronic materials requires concepts beyond
Neuron 86, April 8, 2015 ª2015 Elsevier Inc. 177
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Figure 2. Soft Structures for Neural Interfaces
(A) Scanning electron micrograph of the tip of an electrode that consists of a
carbon fiber (8.5 mm diameter) coated with PEDOT. The materials, geometry,
andmechanics minimize damage associated with insertion, yield low interface
impedance, and enable chronic recordings (Kozai et al., 2012).
(B) Scanning electron micrograph of a multi-material functional fiber device
that embeds recording electrodes, microfluidic channels, and optical wave-
guides. The inset shows a photograph of the fiber wrapped around the index
finger to illustrate its mechanical flexibility (Canales et al., 2015).
(C) Optical image of a two-dimensional wavy silicon nanomembrane on a soft
silicone substrate. This geometry imparts an effective stretchability and low
modulus mechanics to the silicon, which is a brittle, hard material (Choi et al.,
2007).
(D) Scanning electron micrograph of a wavy structure of graphene on a rubber
substrate. This system can be stretched to strains of up to 450% without
noticeable change in the electrical conductivity (Zang et al., 2013).
(E) Photograph of an electrode array in an open mesh geometry wrapped onto
the hemispherical tip of a glass rod. This ability to conform to curvilinear sur-
faces enables accurate neural recordings from the surface of the brain (Kim
et al., 2010).
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reductions in key dimensions. One widely explored route ex-

ploits controlled buckling processes to form ‘‘wavy’’ shapes in

hard micro/nanomaterials bonded to the surfaces of soft elasto-

meric substrates (Kim et al., 2012; Rogers et al., 2010). The

response of this type of structure, which can be considered as

an engineered, or deterministic, composite material, to applied

strain involves a physics that is related to that of an accordion

bellows, in which the elastomer provides the restoring force

and defines the effective modulus. Figure 2C shows this idea

embodied in a wavy silicon nanomembrane (100 nm thickness)

on a silicone substrate (Choi et al., 2007). Similar strategies apply

equally well tomany othermaterials, including graphene, as illus-

trated in Figure 2D (Zang et al., 2013). This example exhibits

excellent electrical conductivity even under tensile strains of up

to several hundred percent. Structuring the materials into open

mesh layouts further enhances the mechanics, as shown in

Figure 2E with an image of an ultrathin neural electrode array

wrapped onto the hemispherical end of a glass rod (Kim et al.,

2010). Complete, conformal integration onto this type of non-

developable shape, as for nearly any surface found in biology, re-

quires stretchability and cannot be accomplished with bending

alone. In vivo studies of the visual cortex of a feline animal model

demonstrate that the accuracy and reliability of recordings per-

formed with electrode arrays in thin mesh architectures greatly

exceed those possible with otherwise identical arrays in uniform,

thin film formats (Kim et al., 2010). Advanced mesh designs

involve ideas in fractal geometry (Fan et al., 2014) as shown in

Figure 2F, and described subsequently. Extension to full, 3D lay-

outs presents challenges in fabrication but offers wide ranging

modes of deformation and volumetric integration with cells. 3D

open architectures of graphene synthesized on the surface of a

porous nickel (Ni) foam, followed by removal of the Ni by selec-

tive etching, (Chen et al., 2011) provide compliant structures that

can support neural stem cell growth (Figure 2G). Related types of

3D materials include silicon nanowire scaffolds with macropo-

rous layouts (Tian et al., 2012) that offer integrated sensory

capabilities for recording both extracellular and intracellular sig-

nals in 3D cultures of neurons (Figure 2H). Such biocompatible

hybrid structures can mimic certain properties of natural tissue

scaffolds.

Surface Conformal Neural Interface Systems
Electrocorticography (ECoG) and electroencephalography (EEG)

represent two modes in which the materials described in the

previous sections can be used tomonitor and stimulate electrical

activity in the brain. The capacity for conformal contact over

large, curvilinear surfaces that are time varying in their shapes,

potentially extending to the entire scalp (EEG) or cortical surface

(ECoG), and integrated electronics for amplified, multiplexed
(F) Scanning electron micrograph of a conducting, open mesh with a fractal-
inspired geometry constructed using Peano curves, resting on a substrate with
the surface texture of skin. Such constructs enhance contact between elec-
trodes and the surfaces of biological tissues (Fan et al., 2014).
(G) Scanning electron micrograph of a 3D scaffold of graphene. These plat-
forms can serve as active, 3D scaffolds for neural stem cells (Li et al., 2013).
(H) Scanning electron micrograph of a 3D silicon nanowire mesh in a matrix of
alginate. This construct provides a route for integrating hard electronic ma-
terials with soft, 3D biological systems (Tian et al., 2012).
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readout represent emerging capabilities of direct relevance to the

long-term goals of the Brain ActivityMap project (Alivisatos et al.,

2013), as described in the following.

EEG involves measurements using arrays of electrodes

applied to the scalp, as first explored 90 years ago (Adrian and

Matthews, 1939; Collura, 1993). Despite some notable technical

improvements (Debener et al., 2012; Wolpaw and McFarland,

2004), modern systems for EEG still require separately wired

bulk electrodes made of conventional metals, interfaced to the

scalp using conducting pastes or gels. Disadvantages include

(1) inability to perform chronic recordings (more than a few hours)

due to drying and/or other forms of degradation of the pastes/

gels; (2) lack of a comfortable, mechanically stable interface

to the skin; and (3) time-consuming, cumbersome manual pro-

cedures for mounting the electrodes. Recent advances in

materials, structural interfaces, integration schemes, and data

acquisition systems create opportunities to overcome these lim-

itations. For example, cross-linked sodium polyacrylate hydro-

gels swelled with electrolyte can serve as soft electrodes for

low impedance (compared to commercial electrodes) conformal

interfaces to the skin, including hair bearing regions (Alba et al.,

2010). A high solution content (>90% by weight) allows these

materials to be used for more than 24 hr under normal laboratory

conditions. Dry polymer-based electrodes, such as those con-

structed with thin layers of PEDOT:PSS on films of polyimide,

avoid evaporative degradation entirely, to yield stable interfaces

that can also mechanically flex to follow the curved surfaces of

the head (Leleux et al., 2014). Recent reports suggest an ability

of such electrodes to capture EEG waveforms that are not easily

resolved using conventional materials (Chen et al., 2013; Fiedler

et al., 2011). Other emerging classes of dry electrodes exploit

conductive elastomeric composites like those described previ-

ously to provide further enhanced conformality and adhesion

to the skin (Jung et al., 2012). Their permeability to gas/moisture

allows for natural processes of transepidermal water loss to facil-

itate long-term measurements, as recently demonstrated in

studies of ECG (electrocardiography).

An alternative composite strategy combines inorganic elec-

tronic materials deterministically shaped into micro/nanostruc-

tures and embedded in soft elastomeric matrices to yield

integrated collections of devices that include not only EEG elec-

trodes but also multifunctional sensors (such as temperature,

strain, and electrophysiological), active/passive circuit elements

(such as transistors, diodes, and resistors), wireless power coils,

and components for radiofrequency communications (such as

high-frequency inductors, capacitors, oscillators, and antennas)

(Kim et al., 2011). Fabrication approaches that exploit methods

used in the semiconductor industry afford a precision in design

that allows such systems to be engineered with effective

physical characteristics (thickness, area mass density, elastic

modulus, thermal properties, stretchability) that match those of

the epidermis itself. The result is a technology, sometimes

referred to as epidermal electronics, that can softly laminate

onto the surface of the skin, to allow non-irritating, low im-

pedance, stable electrophysiological measurements for up to

2 weeks (Yeo et al., 2013), without any significant mechanical

constrain on natural motions or processes (e.g., transepidermal

water loss). Figure 3A, left and center, shows systems of this
type. The layouts involve open, serpentine filamentary mesh

structures of active electronic materials (i.e., Si, GaAs, or metals)

encapsulated by thin layers of polyimide (1.2 mm thick) and

embedded in a low modulus, gas/moisture permeable silicone

elastomer. Concepts in fractal-inspired geometry (Peano as in

Figure 2F, Koch, Hilbert, Moore, Vicsek and others) yield arrays

that can cover areas at scales comparable to those of the entire

skull (Figure 3A, left), with individual electrode sizes at sub-milli-

meter dimensions, in interconnected networks with nearly any

geometry (Fan et al., 2014). The absence of closed loop current

pathways in appropriately selected fractal curves affords invisi-

bility under magnetic resonance imaging (Fan et al., 2014).

Figure 3A (center) shows the process of gently peeling an

epidermal electronic system from the forehead after use. High-

quality EEG data can be acquired over many days, continuously,

without removing or re-mounting the devices. Thin fabrics can be

included as backing layers to improve the mechanical robust-

ness, thereby allowing multiple cycles of use, cleaning, and ster-

ilization (Jang et al., 2014). The data in Figure 3A (right) illustrate

alpha rhythms that appear in an awake subject when the eyes

are closed (Kim et al., 2011). The signal-to-noise ratios are com-

parable to those possible using conventional, rigid bulk elec-

trodes with conductive coupling gels.

These concepts in open mesh structures and fractal geome-

tries allow integration of customized, ultrathin semiconductor

devices for local signal amplification, multiplexed readout,

and wireless communications. Alternative designs use sealed

microfluidic chambers and ‘‘origami-like,’’ deformable electrical

interconnects to enable use of state-of-the-art, chip-scale com-

ponents in a manner that does not compromise the soft, low

modulus mechanics of the overall system (Xu et al., 2014).

Figure 3B (left) shows a wirelessly powered device with radio fre-

quency communication capabilities in a twisted shape. Using

this technology with the types of soft, mesh electrodes shown

in Figure 3A allows tether-free operation in EEG. The results

(Figure 3B, center and right) demonstrate signals that are quan-

titatively consistent with those collected using wired acquisition

systems and hard electrodes.

The technologies of Figure 4 incorporate classes of active

electronics needed for local amplification and multiplexed

readout of measured signals. These features, taken together

with the scalability of the fabrication schemes, allow measure-

ment at hundreds, with the potential of millions, of electrode sites

with a single conformal system. Such capabilities are of partic-

ular importance in the context of ECoG, and advanced forms

sometimes referred to as microscale ECoG (mECoG), where an

ambitious goal is to measure potentials across the entire cortical

surface at an oversampled spatial resolution of a few tens of mi-

crons. This mode of operation demands hundreds of millions of

actively addressed electrodes, each with local, per-channel

signal amplification. Figure 4A shows a system that represents

progress in this direction, where silicon nanomembranes

(260 nm thick) support semiconductor device functionality (720

transistors) with performance characteristics similar to those

found in conventional, wafer-based electronics, for readout

across an array of nearly four hundred electrodes (300 3

300 mm2 with 500 mm spacing) (Viventi et al., 2011). The spatial

resolution of the most advanced mECoG systems of this type
Neuron 86, April 8, 2015 ª2015 Elsevier Inc. 179
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Figure 3. Soft, Conformal Electronics for EEG
(A) Images of skin-like, or epidermal, electronics that exploit electrodes and semiconductor components in open, filamentary mesh architectures with fractal
inspired geometries (left). These devices can softly laminate onto and peel away from (middle) the surface of the skin for stable, non-irritating, long-lived
measurement interfaces. Spectrograms of representative EEG data (right) show characteristic alpha rhythm behavior when the eyes are closed (Kim et al., 2011).
(B) Image of a stretchable electronic system that integrates chip-scale components and a free-floating interconnect network for wireless EEG. Data acquired from
the forehead (green; middle and right) are quantitatively similar to those simultaneously acquired using a wired commercial device (blue). The large deflections
correspond to blinking of the eyes as the subject shifts from performing mental math to resting (Xu et al., 2014).
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(Escabı́ et al., 2014) is nearly sixteen hundred times finer in terms

of electrodes per unit area than that of passive, clinical ECoG

devices, thereby reaching levels that even exceed those associ-

ated with much smaller, rigid penetrating Si microneedle sys-

tems. Mechanical flexibility follows from the thin geometries of

the functional materials, to allow not only mounting on the gyral

surfaces but also, through sharp bending, insertion into the sulci

and the interhemispherical spaces (Figure 4B) (Viventi et al.,

2011). The electrical design incorporates buffering and multi-

plexing transistors at each unit cell, for per-channel sampling

rates of >10 kS/s with low cross-talk (<�65 dB) and only 39 wires

for data acquisition. This architecture offers nine times fewer

wires than that required for a passive system with equivalent

layout; for a device with one million measurement sites, this

advantage grows to a factor of 500. The electrodes themselves

consist of thin films of platinum on the top, outer surface of a

multilayer assembly of conductors, insulators, and semiconduc-

tors that forms the electronics, supported by a flexible sheet of

polyimide. Amplifying capabilities can be easily included at

each channel, to improve further the levels of performance, as

recently demonstrated in epicardial mapping systems (Viventi

et al., 2010).

Figure 4C shows an example of the use of this active mECoG

technology to reveal the electrical dynamics associated with a

seizure induced in a feline model, at high spatial and temporal
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resolution. The signal from each channel in the array exhibits

large amplitude (>6 mV), low noise (<45 mV root-mean-square

deviation), and high signal-to-noise ratio (34 dB). The spatio-

temporal patterns of activity shown in Figure 4C begin with an ic-

tal onset that corresponds to a plane wave originating from the

upper left. An anisotropy bends the wave to the right, thereby

launching a clockwise spiral pattern that persist for three rota-

tions. A second plane wave then emerges to change rotation

direction to counterclockwise. This behavior continues for 19 cy-

cles and ends with termination by a plane wave that comes from

the right. Such spatio-temporal responses, uniquely observable

with the systems described here, have qualitative features that

are reminiscent of those associated with cardiac arrhythmias.

This information provides important insights into the nature of

neocortical seizures, with potential relevance to understanding

and treatment of brain disorders such as epilepsy. Additional

studies using such mECoG devices, but with further improved

spatial resolution, on the auditory cortex exhibit quantitative

agreement with much slower measurements performed using

intrinsic optical imaging (Escabı́ et al., 2014).

The requirements in active multiplexing and amplification

impose performance demands in flexible electronics that can

only be satisfied with nanostructured inorganic semiconductors

such as the Si nanomembranes used in the previously described

systems. Organic and composite electronic materials do,



A

B

C

Figure 4. Actively Multiplexed Flexible Electronics for mECoG
(A) Image of a device placed on the cortical surface of a feline model.
(B) Image of a similar device folded to allow insertion into the interhemispheric fissure (left) and after insertion (right).
(C) Measured mECoG signal from a representative channel of a device during an electrographic seizure. The labeled segments correspond to maps of electrical
potential that illustrate the spatio-temporal dynamics, as shown in the frames below (Viventi et al., 2011).
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however, have potential utility as electrode interfaces to the brain

in systems that use this type of electronics. PEDOT represents

an example that shows promise in ECoG measurements (Kho-

dagholy et al., 2011). As incorporated into electrochemical

transistors, PEDOT offers enhanced signal levels due to local

amplification, with information content similar to that obtained

using penetrating electrodes. Other recent work suggests that

transparent flexible electrodes based on graphene (Kuzum

et al., 2014) and inorganic alternatives such as indium tin oxide

(Ledochowitsch et al., 2011), can offer excellent measurement

capabilities with options in simultaneous optical imaging or stim-

ulation. Future directions include efforts to render ECoG mea-

surement capabilities in systems that are not only flexible, but

also stretchable, as demonstrated recently in passive electrode

arrays based on polypyrrole/polyol-borate composites (Guo

et al., 2014).

Soft Penetrating Neural Interface Systems
Neural interfaces based on compliant, thin sheets of electrodes

can minimize physiological reactions such as local inflammation

and scar formation by conforming to biological surfaces and

minimizing mechanical loads on them. Direct measurements

into the depths demand other approaches, such as neural

probes that penetrate targeted tissues. Traditional systems

incorporate micromachined arrays of Si needles (typically 100,

each with 10–30 mm diameters on a 400 mm pitch) on planar

silicon platforms (500 mm thick), or grid patterns of electrodes

(as many as 256, each with an area of 400 mm2 on a 50 mm pitch)
on polyimide sheets (5 mm thick) (Wise et al., 2008). Progress out-

lined here allows active, multifunctional device functionality in ul-

traminiaturized form factors that can, through their mechanical

compliance, reduce tissue damage upon insertion and chronic

use, the latter partly due to an ability to move with natural pulsa-

tions, patterns of swelling/deswelling, and motion of the brain

within the intracranial space. One simple example exploits the

carbon fiber platform of Figure 2A in which a thin poly(p-xylylene)

layer serves as a dielectric for a PEDOT coated electrode of

poly(thiophene) (Kozai et al., 2012). The result is an electrode

that is one order of magnitude smaller in diameter (�7 mm)

than conventional devices, with a bending stiffness reduced by

a corresponding amount. Adequate signal levels are possible

even with small cross-sectional areas (�60 mm2 compared to

�300–3000 mm2 for standard Si probes) due to the low interface

impedances enabled by the polymeric conductors. Such an

interface is suitable for chronic recordings of single-neuron ac-

tivity, with sufficient signal to noise (�5–10) for measurement

of potentials as small as a few tens of microvolts, as demon-

strated in the motor cortex of rat in Figure 5A. In addition, sepa-

rate manipulation of each probe provides some flexibility in

location, although with a loss in parallelism of the mounting pro-

cess, compared to standard probe arrays.

Further reductions in the dimensions of probes such as these

lead to bending stiffnesses that are insufficient for insertion into

the brain tissue. This limitation can be avoidedwithmaterials that

temporarily provide mechanical strength for insertion, but then

disappear by processes of bioresorption (Wu et al., 2011,
Neuron 86, April 8, 2015 ª2015 Elsevier Inc. 181
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Figure 5. Flexible, Minimally Invasive Penetrating Neural Probes
(A) Image of a pair of carbon fiber based microprobes inserted into the cortex
of rat (left) and representative recording results (right) of single neural activity
over 2.5 min (Kozai et al., 2012).
(B) Image of a flexible neural probe coated with a film of silk fibroin (left), with a
magnified view of two of the probes (right) and a representative recording
result from the layer five of rat motor cortex (bottom). The red dotted line
represents the threshold for spike detection (Wu et al., 2013a).
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2013a). The physical properties (Young’s modulus of 4–6 GPa,

>80% elongation at break), easy processability (casting, mold-

ing), and established bioresorption characteristics of silk fibroin

make it an attractive choice for this purpose (Tien et al., 2014).

In one case, a coating (65 mm thickness) of silk encapsulates a

small array of eight penetrating needles, each of which has

eight planar electrodes built on a thin, flexible film of polyimide

(5 mm thickness). Figure 5B shows such a device, and some

representative data. These spike waveforms correspond to ac-

tivity at layer five of the rat motor cortex, and the red dotted

line represents the threshold for spike detection in 20 min

recording sessions for 5 weeks. Aside from biodegradable or
182 Neuron 86, April 8, 2015 ª2015 Elsevier Inc.
injectable substrates, these soft penetrating neural interface sys-

tems benefit from fabrication methods adopted from the micro-

electromechanical systems community (Rubehn et al., 2013).We

expect continued progress in the development of new materials

for these neural interface systems and the translation of these

technologies toward clinical implementation.

Recent advances in materials and fabrication techniques

afford the ability to incorporate multifunctional, active operation

into compliant, neural probes. The resulting set of capabilities

extends well beyond simple electrical functionality to include

fluid delivery/extraction, optical stimulation/inhibition, simple

spectroscopic characterization, thermal sensing, and many

others. Such modes of interaction can help to reveal the simulta-

neous chemical, electrical, and mechanical signaling associated

with the complex nature of neural circuit dynamics. Figure 6A

provides an example that builds on the multimaterial fiber struc-

tures introduced in Figure 2B (Canales et al., 2015). Here, the fi-

ber consists of a hollow channel responsible for drug delivery, an

optical cladding layer of poly(etherimide) (PEI) layer, a sacrificial

layer of poly(phenylsulfone) (PPSU), and a collection of Snmicro-

electrodes. The electrodes allow for neural recordings; the hol-

low channel enables delivery of neuromodulatory compounds;

and the PEI and PPSU bi-layer forms an optical waveguide for

light delivery and optogenetic stimulation. The resultingmultima-

terial structure provides a highly flexible (Figure 6A, middle)

multifunctional neural interface with sub-micron feature sizes.

An essential feature of this device is its ability to introduce light

for optogenetic control over activities of individual neurons

within neuronal populations of living tissues (Boyden et al.,

2005), while retaining essential capabilities in electrical measure-

ment. Figure 6A, right, shows evoked neural activity correlated

with optical stimulation (5 ms pulse width at 20 Hz, for 1 s) in

the prefrontal cortex in a Thy1-ChR2-YFP mouse. These hybrid

probes, sometimes known as optrodes, represent powerful plat-

forms for experimental neuroscience (Anikeeva et al., 2012; Wu

et al., 2013b; Ozden et al., 2013).

Fully integrated, ‘cellular-scale’ injectable optoelectronic sys-

temsmight represent an ideal class of technology for penetrating

neural probes. Recent developments in materials science, me-

chanical engineering, and manufacturing methods allow con-

struction of wide ranging classes of semiconductor devices

and sensors in this format, along with their integration onto ultra-

thin, filamentary polymer supports. Figure 6B presents images

that illustrate the multilayer layout of a representative system

that combines arrays of light emitting diodes (microscale inor-

ganic light emitting diodes, m-ILEDs; InGaN, 6.4 mm thick, 50 3

50 mm2) co-located with optical detectors (microscale inorganic

photodiodes, m-IPDs; silicon, 1.25 mm thick, 2003 200 mm2), and

thermal and electrophysiological sensors and actuators (Kim

et al., 2013). Bonding to a releasable injection microneedle using

silk fibroin provides the necessary rigidity and physical tough-

ness for penetration into the brain. Miniaturized wireless power-

ing modules and control schemes enable remote, untethered

operation. Such systems deliver electrophysiological and opto-

electronic function directly to controlled locations in the depth

of the brain without lasers, optics, fiber coupling systems, or op-

tomechanical fixturing hardware used in traditional optogenetics

approaches. The cellular-scale dimensions of the components,
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Figure 6. Flexible, Multifunctional Systems for Electrical, Optical, and Thermal Stimulation and Recording
(A) Scanning electron micrograph of a multifunctional fiber probe. A cladding layer of poly(etherimide) (PEI) surrounds a hollow channel that allows for drug
delivery, nine electrodes of Sn incorporated into the PEI layer enable neural recordings, and the PEI and a sacrificial poly(phenylsulfone) (PPSU) layer permit
optogenetic stimulation (left). The inset shows exposed Sn electrodes after etching of the cladding. Photograph of the fiberwrapped around the shaft of a pencil to
illustrate its mechanical flexibility (middle), and representative electrical recordings during optogenetic stimulation of neuronal populations in the prefrontal cortex
(right). The region highlighted in blue represents the time during optogenetic stimulation (5 ms pulse width, at 20 Hz for 1 s) (Canales et al., 2015).
(B) Optical micrograph that illustrates the multilayered construction of an injectable, cellular-scale optoelectronic device that includes microelectrodes,
microscale inorganic photodetectors (m-IPDs), microscale inorganic light emitting diodes (m-ILEDs), and temperature sensors, bound to a releaseable
injection microneedle (m-needle) with a thin, bioresorbable film of silk fibroin (left), an image of such a device draped across the a fingernail (middle), and heat
maps of activity of a mouse model in the Y-maze with conditioned place preference; hotter colors represent longer duration in the same position (right)
(Kim et al., 2013).
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the compliant mechanics, and the favorable thermal characteris-

tics are all critically important for minimizing adverse biological

responses in long-term use. Quantitative experimental study re-

veals substantially less glial activation and smaller lesion sites as

compared to both metal cannulae and fiber optics, at both early

(2 weeks) and late (4 weeks) phases. Low temperature operation

follows from (1) highly efficient thermal spreading that results

from the large surface area to volume ratios associated with

the m-ILEDs, (2) thermal sinking provided by natural blood flow

in the vasculature of the surrounding tissue, and (3) minimized

thermal generation due to efficient, low duty cycle, pulsed

mode operation of the m-ILEDs. The peak operating tempera-

tures are in the range of 0.1�C, significantly below values that

are known to cause unwanted effects in brain tissue.

These devices enable traditional optogenetics experiments

as well as those that involve social interactions, complex 3D

environments and other conditions that are incompatible with

tethered operation and fiber optic delivery. In one feasibility

demonstration, wireless control of m-ILEDs injected into animals

that express a channel rhodopsin in the locus coeruleus, a brain

region with known longitudinal noradrenergic cell bodies, leads

to activation of dopaminergic neurons. The optogenetic stimulus

is sufficient to train complex behaviors using only wirelessly

triggered illumination from the m-ILEDs, without any physical

reward. The activity maps in Figure 6B (right) show that such op-

togenetic conditioning can lead to a place-preference in a simple

Y-maze. Such technologies offer strong potential not only for
future optogenetics experiments, but also, through deep tissue

injection of heterogeneously integrated optoelectronic systems,

for accelerated progress in many areas of basic neuroscience

and clinical treatment methods.

Concluding Thoughts
Scientific and engineering advances are rapidly adding to the

toolbox of available hardware and measurement approaches

for research in neuroscience. Soft interface technologies create

new opportunities in measurement/stimulation that derive from

unique options in noninvasive, conformal integration with the

soft, curved surfaces and the compliant, heterogeneous depths

of biological tissues. An important perspective is that, in many

cases, such electrical systems can be converted into sophisti-

cated biomolecular sensors by chemically functionalizing the

electrode surfaces. Examples include electrodes formed from

conducting polymers (Gerard et al., 2002; Guimarda et al.,

2007), organic/inorganic nanomaterials including silicon nano-

wires (Cui et al., 2001; Patolsky and Lieber, 2005; Zheng et al.,

2005), carbon nanotubes (Chen et al., 2003; Jacobs et al.,

2010; Wang, 2005), and graphene (Wang et al., 2011). The scal-

ability of the embedded electronics and diverse options in multi-

functional operation create a rich range of promising directions

for further development. The fabrication procedures and mate-

rials associated with several of the devices described here align

well with those of the consumer electronics industry, thereby of-

fering leverage for further accelerated rates of improvement in
Neuron 86, April 8, 2015 ª2015 Elsevier Inc. 183
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performance and scale. Here, transistors, light-emitting diodes,

photodetectors, electrodes, and interconnects can be formed

at sub-micron dimensions, in multilayered formats, with levels

of integration that approach billions of devices, over areas of

hundreds of square centimeters. Adapting and repurposing

this set of manufacturing capabilities for use in neural interfaces

will be essential to their widespread use in the neuroscience

community. A key challenge for chronic applications is that un-

like conventional systems of implantable electronics where tita-

nium casings can serve as hermetic enclosures, soft and flexible

devices demand similar levels of hermeticity from thin, flexible

layers of materials.

These technologies offer powerful modes of operation not

only in the context of the brain, but also in other parts of the

central nervous system and in the peripheral nervous system

as well. A recent example is in the demonstration of soft neural

interface devices, including ultra-compliant microelectrode ar-

rays that insert into the epidural space and accommodate

movement of the spinal cord (Minev et al., 2012; Minev et

al., 2015), while providing essential recording and stimulating

function in the context of regenerative medicine. Co-integra-

tion of fluidic and optical components in these systems, and

scaling of their area coverage and resolution via multiplexed

electronics will offer the same sorts of expanded capabilities

as those for brain interfaces described here. In all cases, an

exciting and ambitious future goal is to develop strategies

that allow intimate, distributed 3D integration of these sorts

of neural interface devices with tissues of interest. Combining

the capabilities of such new approaches with other emerging

methods in nanotechnology, fMRI, molecular/cellular optical

imaging techniques, and chemical sensors will be essential

to the pursuit of a full understanding of brain function.

Finally, we note that, beyond their use for research, the

types of technologies described here have significant potential

utility in clinical medicine, ranging from diagnostic systems for

the surgical treatment of epilepsy to modulatory devices for

the mitigation of symptoms of Parkinson’s disease. Continued

development of unusual materials, such as modulus-changing

polymers (Ware et al., 2014) and shape and/or compositionally

engineered diamond (Edgington et al., 2013; Hopper et al.,

2014), and device concepts, such as wirelessly communi-

cating neural micro-sensor ‘‘dust’’ (Seo et al., 2014), may yield

further advances. Accelerated commercial translation will be

essential to adoption of any emerging technology in clinical

contexts. Challenges, even for systems with demonstrated

utility, range from the formulation of thin, compliant materials

that can serve as long-lived barriers to biofluids to the estab-

lishment of advanced manufacturing techniques for reliable,

large-area production of systems that combine dissimilar clas-

ses of hard and soft materials in micro and nanostructured

forms. To facilitate solutions, additional work is needed to

establish a basic understanding of the long-term performance

and biocompatibility of neural interfaces based on soft mate-

rials and structures. Compelling broader prospects in science

and technology, together with the specific, immediate oppor-

tunities to expand our knowledge of the brain and our range of

clinical treatment procedures conspire to create many prom-

ising, multidisciplinary directions for future work.
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