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Implantable bioelectronic systems that provide long-term, active 
functionality at soft biotissue interfaces represent powerful tools 
for biomedical research; they also have the potential to form 

the foundations for engineering approaches to the treatment of 
disease1,2. Of particular interest are advanced platforms that offer 
sophisticated modes of operation enabled by distributed collections 
of semiconductor components as electrical/optical interfaces across 
a range of spatiotemporal scales3,4. Here, progress in materials sci-
ence establishes the basis for the seamless integration of micro-
systems technologies with living organisms, to provide persistent, 
multimodal function with applications in monitoring and modulat-
ing cardiac cycles, mapping and stimulating neural circuits, regener-
ating sensorimotor functions and many others5–8. The most mature 
devices approved for widespread use in humans, such as deep-brain 
stimulators, cochlear implants, cardiac pacemakers and others, all 
employ similar engineering designs9,10. In such systems, electronic 
modules sealed in stiff, rigid housings to isolate them from the sur-
rounding biology connect through insulated wires to metal elec-
trodes that serve as biotissue interfaces. Despite their essential value 
in treating patients worldwide, these basic architectures do not pro-
vide scalable routes to large numbers (hundreds or thousands, or 
more) of interface points nor do they allow for contact across large, 
curved surfaces or extended volumetric spaces. Alternative plat-
forms with superior function and demonstrated utility as interfaces 
to the brain involve dense arrays of penetrating conductive needles 
on silicon wafer platforms (so-called Utah arrays)11, distributed col-
lections of passive electrodes on flexible sheets for electrocorticog-
raphy (ECoG)12 and linear sets of electrodes on narrow filaments 
(so-called Michigan probes)13. The first of these types of devices, 

commonly exploited in brain/machine interfaces, incorporates indi-
vidually addressable electrical probes of doped silicon (~0.5–1.5 mm  
long, ~40–100 μm wide)14–16. The second, sometimes used as diag-
nostic tools in surgical procedures for epilepsy, often incorporates 
platinum electrodes (~2 mm diameter) in two-dimensional arrays 
on silicone substrates (area of 4 × 4 cm2, 1 mm thick)12 . The third, 
frequently leveraged in neuroscience studies, relies on silicon 
shanks, typically 3 mm long, 50 μm wide and 15 μm thick with lith-
ographically patterned electrodes distributed along their lengths17. 
These three platforms offer powerful capabilities, but their lack of 
active semiconductor functionality in proximity to the biotissue 
interface and, in some cases, their non-ideal mechanical properties, 
geometric layouts and/or integration approaches, limit the perfor-
mance, scalability and ability to deploy into or onto biological sys-
tems of interest.

Recent and conceptually distinct types of bioelectronic/optoelec-
tronic devices take the form of functional thin-film membranes, 
flexible filaments and open network meshes18–20, with powerful pos-
sibilities in levels of functional integration. Here, large-scale arrays 
of active components, sometimes with thousands of independent 
channels, establish direct biotissue/electronic contacts21,22. Some of 
the most notable recent advances involve demonstrations of safe, 
chronic operation in  vivo3,23, in freely moving and behaving ani-
mals. Key enabling features are biocompatible constituent materi-
als, ‘perfect’ biofluid barrier coatings and mechanically compliant 
architectures, all in the context of hybrid, integrated platforms that 
induce minimal immune responses and biotissue damage but sup-
port device performance characteristics that match, in some cases, 
those of conventional planar electronic/optoelectronic systems 
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Engineered systems that can serve as chronically stable, high-performance electronic recording and stimulation interfaces to 
the brain and other parts of the nervous system, with cellular-level resolution across macroscopic areas, are of broad inter-
est to the neuroscience and biomedical communities. Challenges remain in the development of biocompatible materials and 
the design of flexible implants for these purposes, where ulimate goals are for performance attributes approaching those of 
conventional wafer-based technologies and for operational timescales reaching the human lifespan. This Review summarizes 
recent advances in this field, with emphasis on active and passive constituent materials, design architectures and integration 
methods that support necessary levels of biocompatibility, electronic functionality, long-term stable operation in biofluids and 
reliability for use in vivo. Bioelectronic systems that enable multiplexed electrophysiological mapping across large areas at high 
spatiotemporal resolution are surveyed, with a particular focus on those with proven chronic stability in live animal models and 
scalability to thousands of channels over human-brain-scale dimensions. Research in materials science will continue to under-
pin progress in this field of study.
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on rigid, planar semiconductor wafers24,25. Examples of the most 
sophisticated platforms of this type use thin active materials/devices 
in shape-conformal layouts as the basis for amplified sensing and 
multiplexed addressing in spatiotemporally resolved electrophysi-
ological interfaces to surfaces of the heart and brain, as well as into 
the depths of these organs18,21,22. In all cases, a persistent challenge is 
in the prevention of biofluid penetration into the active electronic 
components to avoid associated degradation from corrosion of the 
functional materials and biological damage from leakage of electri-
cal currents into surrounding biotissues. The ultimate demands are 
for coatings with zero permeability to water over timescales of many 
decades (lifetime of the patient), and with thicknesses in the sub-
micrometre regime. Bulk containment housings like those used for 
conventional implants are clearly not applicable. The broad central 
focus in materials science that encompasses all of these consider-
ations is in the development of complete collections of biocompati-
ble materials with passive, active, barrier and interface functionality, 
along with associated schemes in materials processing and assembly.

Recently reported classes of flexible electronic materials, rang-
ing from thin-film polymers for active electrophysiological record-
ings21,25 to multilayer stacks of inorganic/organic films for organic 
light-emitting diode displays26,27, are of potential interest. Daunting 
challenges remain, however, in the use of such materials to achieve 
high-performance operation and chronic stability in bioelectron-
ics. The combined effects of intrinsic and extrinsic limitations, 
ranging from comparatively poor charge transport characteristics, 
finite rates of water permeation and poor structural properties 
(such as pinholes, cracks and grain boundaries), represent some 
of the most notable aspects that require further improvements. As 
a result, flexible, active bioelectronic systems that offer chronic, 
high-performance operation and rely exclusively on polymers for 
the primary active components and biofluid barriers may prove to 
be difficult to realize.

This Review summarizes recent progress in schemes that com-
bine organic with inorganic materials in hybrid platforms with the 
necessary operational features and in a broad range of unusual form 
factors. The emphasis is on engineered materials, device designs 
and integration methods with proven utility in live animal models, 
as high-performance and chronically stable interfaces to the brain, 
with additional potential for application to the peripheral nerves, 
the spinal cord, the heart and others. Subsequent sections review 
different classes of flexible materials for these purposes, followed 
by comparative evaluation of various processing strategies, with 
some focus on physically transferred ultrathin membranes that 
have submicrometre thicknesses. Additional discussions highlight 
examples of actively multiplexed, amplified bioelectronic systems 
that support record levels of spatiotemporal resolution in electro-
physiological mapping and stimulation. The most recent devices 
incorporate tens of thousands of active unit cells distributed with 
variable densities across full organ-scale dimensions. The focus 
encompasses emerging technologies and material strategies for 
bioelectronic systems as chronic neural interfaces, many of which 
offer potential for immediate use in fundamental research studies, 
at the level of cell cultures, to organoids, and to animal models. As 
such, the content is not confined to approaches that currently have 
straight or clearly defined paths to specific uses in humans, some-
times an ultimate goal but often not the only aim of research in this 
area. Overall, this Review provides a framework for considering 
additional, materials-oriented advances in these systems. Successful 
research efforts in these areas could provide the basis for future 
generations of conformal, bioelectronic implants with long-lived 
high-performance operation.

implantable platforms for stable biocompatibility
Bioelectronic implants with chronic stability are of growing impor-
tance in biomedical research and clinical medicine, with capabilities 

that can include both sensing and stimulation. Development efforts 
typically focus on high-fidelity biotic/abiotic interfaces, achieved 
through a combination of advanced materials, mechanical con-
structs, shapes and layouts, and surface coatings that ensure bio-
compatibility, low-impedance interfaces and stable operation. An 
important feature is the design of unique form factors with geom-
etries and mechanics that are compatible with those of targeted 
biotissues for minimally invasive implantation and subsequent 
chronic use. Overall device miniaturization can provide additional 
important benefits, in a manner that avoids substantial biotissue 
damage and scar formation and thus enhances operational sta-
bility. Figure 1 presents a collection of some recent examples, in 
layouts that range from flexible filamentary probes (Fig. 1a–c), to 
sheet-like architectures (Fig. 1d–f) and to open-mesh geometries  
(Fig. 1g–i), with various examples. In most cases, techniques adapted 
from the semiconductor industry serve as the primary basis for  
fabrication13,28.

A recent, interesting illustration of the first type of approach is 
the ‘Neuralink’ (Fig. 1a) array, where 3,072 sensing sites span across 
96 separate soft filaments29, each individually inserted via remov-
able tungsten–rhenium microneedles (24 μm diameter) into rat 
cerebral cortex. A passive scheme supports channel addressing 
and thin polyimide coatings serve as encapsulation layers on each 
filament (20 mm long, 5–50 μm wide, 4–6 μm thick). Coatings of  
poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate  
(PEDOT:PSS) and iridium oxide (IrOx) lower the interfacial imped-
ances of the gold electrodes for electrophysiology across sites with 
areas of 14 × 24 μm2 (37 ± 5 kΩ for PEDOT:PSS and 57 ± 7 kΩ for 
IrOx at 1 kHz). These filaments have potential for chronic use as 
neural implants due to their ability to move with brain tissues dur-
ing natural motions associated with respiration and pulsatile blood 
flow, and to minimize cellular damage and glial scar formation at 
the biotic/abiotic interface.

Conceptually similar filamentary structures can provide chronic 
communication with small-diameter nerves. Figure 1b provides 
an example of electrodes (10–20 μm diameter) formed from mul-
tiwalled carbon nanotube (CNT) arrays (~30 nm diameter and 
250 μm long) for electrical recording in rat glossopharyngeal and 
vagus nerves30. Here a thin parylene C layer (3.5 μm thick) coats 
the CNTs except for ~500-μm-long segments at one end, where 
the yarns wind around a tungsten microneedle for insertion. After 
removal of the needle, the platform that remains is mechanically 
compliant (bending stiffness of ~3.3 × 10–12 Nm2) to motions of the 
surrounding neural tissues, thereby reducing nerve damage and 
inflammatory responses. Results include neural recordings in live 
rat models, where the impedance and signal-to-noise ratio (SNR) 
remain stable as 18 ± 8 kΩ at 1 kHz and ~10 dB for up to ten weeks, 
respectively. Key dimensions and material moduli determine the 
mechanics based on scaling laws31, such that size reduction32 and 
soft materials33 can decrease bending stiffnesses and tissue disrup-
tion for enhanced stability in operation. For example, miniaturiza-
tion of filamentary probes yields systems with geometries that can 
approach those of intrinsic features of neurons themselves (Fig. 1c)31.  
An example, referred to as ‘NeuE’, consists of 16 recording  
electrodes (platinum, circular area of ~2 × 102 μm2, 50 nm thick) 
and gold interconnects with substrate/encapsulation layers of a 
photodefined epoxy polymer (SU-8, 1 μm wide and 0.9 μm thick) 
that leaves the sensing sites exposed, to yield bending stiffness  
(~1.4 × 10–16 Nm2) comparable to those of individual neurons  
(~7.6 × 10–16 Nm2). These constructs can be injected in a floating 
form through a syringe into the brains of mice. Interpenetration 
with neuronal networks allows for multichannel electrophysiologi-
cal recordings, with stable interfacial impedance (600 ± 100 kΩ at 
1 kHz) and SNR (~8 dB) for over three months. A key feature of 
such penetrating probes is their ability to provide cellular and even 
subcellular level of resolution in measurement and stimulation, with 
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mechanical compliance matched to brain tissues to minimize the 
potential for injury.

Ultrathin electrode arrays in sheet-like geometries (at thickness 
of a few micrometres) exploit related mechanical design principles 
in flexible surface-mounted systems that can extend over large areas 

for recording and stimulating in a non-penetrating fashion, referred 
to generally as micro-electrocorticography (μ-ECoG) arrays. An 
example is shown in Fig. 1d. Here films of PEDOT:PSS serve as the 
interface material for sensing electrodes (area of 10 × 10 μm2 each) 
interconnected by patterned metal traces (Pt/Au, ~200 nm thick)34. 

b ca
Flexible filamentary probes

e fd

50 µm 1 mm

Cortical surface

1 mm

1 mm 3 mm

h ig

2 mm

500 µm  100 µm 2 mm

Sheet-like architectures

Open-mesh geometries

Electrodes

Dura

Skull

Fig. 1 | Emerging classes of implantable bioelectronic platforms as neural interfaces. a–c, Flexible filamentary probes. a, Schematic of the surface of  
rat cerebral cortex with implanted filaments29 (polymer threads, 20 mm long, 5–50 µm wide, 4–6 µm thick), consisting of gold passive electrodes  
(detail shown in the inset, each area of 14 × 24 µm2). b, Optical image of a carbon nanotube yarn (10–20 μm diameter) implanted in the rat vagus nerve, 
with parylene C layers as encapsulation (3.5 μm thick). c, Three-dimensioanl image of flexible filaments (SU-8, 2–4 μm wide, 0.9 μm thick) that support 
collections of passive electrodes (platinum, circular area of ~2 × 102 μm2, 50 nm thick) (NeuE, red) and neurons (green), two days after implantation in 
the brain of a mouse. d–f, Sheet-like architectures. d, Optical image of an array of sensing electrodes (PEDOT:PSS, area of 10 × 10 μm2) embedded in a 
flexible parylene C sheet (4 μm thick) placed on the rat somatosensory cortex for electrophysiology. e, A stretchable OECT array embedded in an ultrathin 
sheet (parylene diX-SR, 2.6 μm thick) with PEDOT:PSS channels (area of 10 × 15 μm2) while stretched. f, Photographs of a soft, stimuli-responsive neural 
interface (top) capable of conformally wrapping onto peripheral nerves (bottom; 1 mm inner diameter; rabbit model), based on narrow films of polyimide 
(2 μm thick) with serpentine gold electrodes (200 nm thick) on substrates of a shape-memory polymer (~100 μm thick). g–i, Open-mesh geometries.  
g, Photograph of electrode arrays (gold, area of 500 × 500 μm2, 150 nm thick) on ultrathin polyimide mesh (2.5 μm thick) after removal of a bioresorbable 
silk fibroin substrate, placed on the surface of the brain of a feline animal model. h, Optical image of a macroporous open-mesh platform (SU-8, 5–20 μm  
wide, 1 μm thick) of platinum electrodes (each area of ~1.2 × 103 μm2, 50 nm thick), injected into an aqueous bath through a syringe. i, Optical image 
of a three-dimensional scaffold with eight gold electrodes (circular area of ~2 × 103 μm2, 300 nm thick) for stimulation and recording, encapsulated by 
polyimide (~7 μm thick). Panels reproduced with permission from: b, ref. 30, Springer Nature Ltd; c, ref. 31, Springer Nature Ltd; d, ref. 34, Springer Nature Ltd; 
e, ref. 35, AAAS; f, ref. 37, AAAS; g, ref. 39, Springer Nature Ltd; h, ref. 40, Springer Nature Ltd; i, ref. 41, PNAS.
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A membrane of parylene C (4 μm thick) provides a substrate/encap-
sulation layer with sufficient flexibility to conform to the dynamic, 
curved surfaces of the brain for recording of both local field and 
action potentials from superficial cortical layers of both rodents 
and humans. Experiments with such devices span monitoring for 
patients undergoing epilepsy surgery and operation in rodents over 
periods of ten days, comparable to requirements for diagnostic 
recordings in epilepsy patients.

Fully stretchable systems (elastic responses to strains >>1%) that 
can adapt to complex curvilinear and time-dependent biotissue sur-
faces are also possible, as shown in the 4 × 4 active multielectrode 
array of Fig. 1e. Here a layer of parylene diX-SR (Daisan Kasei) formed 
by chemical vapour deposition (CVD; 2.4 μm thick) and photode-
fined into an open grid geometry serves both as the encapsulation 
layer and substrate for organic electrochemical transistors (OECTs; 
PEDOT:PSS) as the active components (channel area of 10 × 15 μm2 
and ~70 nm thick) and gold as the interconnections35. An outermost 
layer of an ionically conductive polymer, poly(3-methoxypropyl 
acrylate) (100 nm thick), offers antithrombotic properties for elec-
trophysiology, as demonstrated in multiplexed electrocardiogram 
recordings from the cardiac surfaces in live rats. These OECTs pro-
vide high transconductances of ~1 mS, roughly 100 times higher 
than conventional silicon field-effect transistors (FETs)36, leading to 
recordings with SNRs of ~52 dB. Results demonstrate that such plat-
forms can be stretched reversibly with tensile strains of up to 15%, 
without degradation in electrical performance. These stretchable 
OECTs can provide stable transistor characteristics during continu-
ous, complete immersion in phosphate-buffered saline (PBS) for over 
ten hours, which may be further improved by integrating advanced 
encapsulation technologies for chronic applications.

Tissue-compliant sheets formed from stimuli-responsive 
materials are also of interest. Figure 1f shows as an example a 
climbing-inspired twining system for neural recording and stimula-
tion, based on an array of serpentine electrodes (gold, 200 nm thick) 
embedded in photodefined strips of polyimide (2 μm thick) on match-
ing substrates of a shape-memory polymer (SMP; ~100 μm thick)37.  
On exposure to physiological conditions (transition temperature 
of 37 °C) after implantation, these platforms transform from pla-
nar geometries into helical structures that spontaneously wrap onto 
peripheral nerves, with a change in modulus via transition of the 
SMP from 100 MPa (before transition) to ~300 kPa (after transi-
tion, bending stiffness of ~10–10 Nm2), values comparable to those of 
neural tissues (~100–500 kPa)37,38. In vivo experiments demonstrate 
capabilities in electrical recording and stimulation of action poten-
tials in rabbit models, with minimized tissue injury during implanta-
tion. Current efforts focus on these types of technologies for nerve 
stimulation, with the potential for use in chronic therapeutic strate-
gies for conditions such as heart failure and epilepsy.

Converting such sheet-like geometries into open-mesh archi-
tectures further enhances the mechanics in interconnected arrays, 
for unique modes of integration with biotissues and cells. Figure 1g  
illustrates an example of an ultrathin conformal electronic mesh  
(2.5 μm thick) supported by a bioresorbable substrate of silk 
fibroin (20–50 μm thick)39. The silk in this case serves as a tempo-
rary substrate to facilitate handling; its dissolution yields ultrathin 
open net-like structures with minimal interface stresses at points 
of contact with soft biotissues, driven mainly by capillary forces at 
the biotic/abiotic interface, in forms that can follow complex tex-
tures of the surface of the brain. Specifically, these arrays include  
30 measurement electrodes (gold, each with an area of 500 × 500 μm2  
and 150 nm thick) in a 5 × 6 configuration with interconnection 
wires (gold) embedded in a photodefined, thin polyimide mesh  
(250 μm wide, 2.5 μm thick). In  vivo evaluations demonstrate  
successful mapping of neural processes continuously and without 
inflammation for more than four weeks on the visual cortex of a 
feline model.

In other examples, macroporous flexible mesh structures  
(Fig. 1h)40 that incorporate different types of electronic components 
(platinum electrodes; circular area of ~1.2 × 103 μm2, 50 nm thick) 
or silicon nanowire (Si-NW) FETs and metal interconnects (gold) 
embedded in photopatterned epoxy encapsulation (5–20 μm wide, 
~1 μm thick) offer similar mechanics (bending stiffness of ~8.7 × 
10–11 Nm2) with capabilities for delivery through syringe needles 
(100 μm diameter) using procedures similar to those for the NeuE 
systems (Fig. 1c). Demonstrations include injection into regions of 
the hippocampus of live rodents, for neural recordings.

Related classes of open three-dimensional mesostructures but 
with deterministically controlled layouts can be formed by pro-
cesses of mechanically induced geometrical transformation from a 
two-dimensional precursor. The resulting frameworks can serve as 
active scaffolds for volumetric interfaces to cultured networks of neu-
rons. Figure 1i shows an example in the form of a three-dimensional 
spherical basket constructed with thin ribbons of polyimide (7 μm 
thick) that support distributed collections of integrated electrodes 
(circular gold each with an area of ~2 × 103 μm2 and 300 nm thick) 
for neural sensing and stimulation41. A nanostructured, biocompat-
ible layer of titanium nitride (50 nm thick) coated onto these gold 
electrodes increases the interfacial surface area and supports capaci-
tive charge injection during electric stimulation, with high-fidelity 
capabilities for recording of cellular-action potentials after cultur-
ing dorsal root ganglion neurons from rats for seven days. Ongoing 
efforts with these open-mesh electronics focus on their integration 
with active components and biocompatible biofluid barriers.

As outlined in Fig. 1, biocompatibility, viewed as a collection of 
considerations in geometry, mechanics and interface biochemistry 
that match with targeted biotissues, is essential to stable opera-
tion in vivo. The bending stiffnesses associated with the examples 
in Fig. 1 are many orders of magnitude lower than those of tradi-
tional silicon probes (40–100 μm diameter, bending stiffnesses of 
~10–6 Nm2)42. A key frontier area is in the development of materials 
for implantable platforms that offer not only these characteristics 
but also a combination of advanced form factors and distributed 
high-performance semiconductor functionality. Identifying the 
proper materials and integrating them together into active bioelec-
tronics platforms with chronic stability represents an exciting area 
for research, as outlined in various examples that follow.

Long-lasting active systems with biofluid barriers
The existing literature in bioelectronics is largely dominated by sys-
tems that rely on passive arrays of electrodes for neural interfaces. 
Complex functionality such as local signal amplification and active 
multiplexed addressing demands the integration of semiconductor 
materials for the required functional components. Examples include 
platforms that exploit organic transistors on plastic substrates  
(Fig. 2a), bulk silicon transistors on narrow shanks (Fig. 2b) and 
Si-NW (Fig. 2c) or Si-nanomembrane (Si-NM; Fig. 2d,e) transis-
tors on sheets or open-mesh structures. The requirements for stable 
operation depend strongly on the application43,44.

An important focus is on emerging technologies for implants as 
chronic monitors of neural activity or platforms for neuromodula-
tion, where key material challenges are in permanent implants with 
operational timescales that can extend to multiple years or decades. 
In all cases, impermeable barriers to biofluid penetration are essen-
tial for isolating the electronics, which are often electrically biased 
relative to the surroundings, from the adjacent biotissues and fluids 
while at the same time supporting high-fidelity electrical interfaces. 
Biocompatible materials for this purpose, in thin-film forms and 
free of defects over areas that can reach many centimetres square, are 
critically important for device longevity. As summarized in Fig. 2,  
much past and current work focuses on organic and/or inorganic 
coatings and hybrid multilayers formed by spin-casting, physical 
vapour deposition (PVD) or CVD. Figure 2a provides an example 
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of a flexible system of OECTs designed to record electrophysiologi-
cal signals on the surface of the rat brain45. Here the transistors lie 
beneath sheets (4 μm thick) of parylene C formed by CVD, with 
photopatterned openings to expose the channel regions of the 
transistors (PEDOT:PSS, channel area of 6 × 15 μm2 and 200 nm 
thick) as biocompatible sensing interfaces. These active polymer 
electrodes enable electrophysiological recordings of low-amplitude 

epileptiform discharges by local amplification, with stable elec-
trical performance46. Results of soak tests demonstrate stability 
during immersion in cell culture media (Dulbecco’s modified Eagle 
medium (DMEM)) at 37 °C over five weeks.45 An important fea-
ture of these OECTs is that the electronics themselves, not just the 
electrodes, integrate directly with targeted biotissues. The result-
ing functionality cannot be reproduced by passive devices, where  
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Fig. 2 | Active semiconductor-enabled systems and biofluid barrier materials for device longevity. a, Image of a flexible sheet of neural probes on a 
curvilinear surface, consisting of organic transistors (PEDOT:PSS channel, 6 × 15 μm2 area, 200 nm thick) encapsulated by parylene C (4 μm thick).  
b, Schematic and scanning electron microscope image of a multichannel neural interface system on a rigid shank (left, 1 cm long; cross-sectional 
dimensions of 70 × 20 μm2). Illustration (right) of the tip of this Neuropixel probe, where the dark squares correspond to titanium nitride recording 
electrodes (unit size of 12 × 12 μm2, 300 nm thick), encapsulated by SiO2 (800 nm thick). c, Top: scanning electron microscope image of a reticular 
bioactive scaffold with (1) kinked Si-NW FETs (80 nm diameter), (2) metallic interconnects (Cr/Pd/Cr) and (3) SU-8 encapsulation (1 μm wide, ~1 μm 
thick). Bottom: micrograph of three-dimensional macroporous networks as brain probes with polymer encapsulation (SU-8, 7 μm wide, 1 μm thick) 
and Si-NW FETs distributed at each supporting arm. d, Photograph of an actively multiplexed array of Si-NM transistors (unit size of 200 × 200 μm2) 
on a polyimide substrate (12.5 μm thick), placed on a curved glass surface, encapsulated by multilayers of polyimide (~2.4 μm thick) and epoxy (4 μm 
thick). The inset shows the array in contact with the auditory cortex of a rat. e, Photograph of flexible Si-NM radio-frequency-integrated circuits (RFICs) 
supported by layers of LCP (50 μm thick) in a bent state. f, Schematic of approximate ranges of WVTRs (at 25 °C, 100% RH) for various barrier materials 
with requirements for different types of common flexible devices, including organic light-emitting devices (OLEDs), thin-film transistors (TFTs), liquid 
crystal displays (LCDs) and others. Panels reproduced with permission from: a, ref. 45, Springer Nature Ltd; b, ref. 47, Springer Nature Ltd; c, top, ref. 49, 
Springer Nature Ltd; bottom, ref. 50, Springer Nature Ltd; d, ref. 52, American Physiological Society; e, ref. 53, American Chemical Society; f, ref. 56, Elsevier.
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capabilities for local signal amplification and multiplexed address-
ing follow naturally. Although the lifetime of passive electrodes can 
be long due to the relatively low sensitivity to leakage currents, active 
systems represent the current frontier of bioelectronics research.

Compared with organic electronic materials, inorganic semi-
conductors and associated processing approaches adapted from 
the integrated circuit industry can offer advantages in functional-
ity and performance. As an example, Fig. 2b highlights the use of 
silicon technology as the basis for penetrating probes47 that sup-
port dense arrays of 960 sensing/stimulation sites with integrated 
complementary-metal–oxide–semiconductor (CMOS) circuits dis-
tributed along a rigid shank (1 cm long; cross-sectional dimensions 
of 70 × 20 μm2). The designs of such probes minimize damage to 
brain tissues, compared with more well-established silicon needle 
arrays (10 × 10, each with 100 μm diameter)13. The CMOS supports 
multiplexed addressing and local amplification at each recording 
site. Layers of SiO2 (plasma-enhanced CVD, 800 nm thick) serve 
as biofluid barriers with openings at the measurement sites48, where 
titanium nitride electrodes (area of 12 × 12 μm2 for each site and 
~300 nm thick) form low-impedance electrical interfaces (dark 
squares in Fig. 2b, ~149 ± 6 kΩ at 1 kHz). High-density record-
ings of over 700 isolated neurons across deep regions of brain at 
a depth of ~4 mm beneath the primary cortex (which include the 
visual cortex, hippocampus, thalamus, motor cortex and striatum) 
are possible, with stable operation for up to 150 days in mouse 
models. Although these types of systems offer capabilities for neu-
ral recordings in deep-brain structures, their rigid construction and 
planar designs preclude their use in large two-dimensional arrays or 
extended three-dimensional networks.

Penetrating probe technologies that exploit inorganic systems and 
barrier strategies but with additional features in spatially extended 
geometries and with mechanical compliance are of growing interest. 
Figure 2c (top) shows an example of a flexible bioactive mesh, con-
sisting of kinked Si-NW FETs (80 nm diameter), metallic intercon-
nects (Cr/Pd/Cr) and photopatterned epoxy encapsulation (spin-cast 
SU-8, 1 μm wide and ~1 μm thick). Studies show that these nanowire 
platforms can integrate as reticular cellular scaffolds for culture of 
neurons from rats49, where the FETs remain stable for nine weeks. 
Scaling of such concepts to platforms with 60 interconnected FETs 
distributed across a mesh area of ~3.5 × 1.5 cm2 (bending stiffness ~6 
× 10–12–1.3 × 10–9 Nm2) yields capabilities in real-time multiplexed 
monitoring and recording of the electrical activity within the scaf-
fold/neuron system. Recent efforts on these types of systems include 
integration of tissue-compliant arrays with biotissues in a penetrating 
fashion in animal models. A temporary support provides mechanical 
stability during insertion and is subsequently removed.

Similar macroporous networks can be formed into 
three-dimensional global penetrating probes with additional advan-
tages (Fig. 2c, bottom)50. Reported examples incorporate 13 Si-NW 
FETs at each supporting arm of systems that bend outwards from 
the cylinder surface to serve as multiplexed sensors for neural sig-
nals, with metallic interconnects (Cr/Pd/Cr) encapsulated in thin 
photodefined layers of epoxy (SU-8, 5 μm wide and 1 μm thick). 
Such flexible platforms can be temporarily rigidified by immer-
sion in liquid nitrogen, to allow insertion into rodent brains at a 
depth of ~1.5 mm for subsequent electrical recording and stimula-
tion of local field potentials from a subregion of the barrel cortex. 
The ultralow bending stiffness (~0.64 × 10–15 Nm2) promotes gentle, 
conformal tissue contacts with minimal mechanical perturbation,  
many orders of magnitude lower than those of silicon probes  
(~10–9 Nm2, cross-sectional area of 15 × 60 μm2)25. Critical chal-
lenges of these Si-NW-based systems include limited numbers of 
channels and challenges in scalability as well as relatively short 
operational lifetimes (typically days or weeks). Further develop-
ments may enable high-density mapping of neural activity, with 
optimized schemes for integration with targeted tissues51.

Devices with alternative forms include thin, flexible sheets 
designed to allow for large-area interfaces to the soft, dynamic sur-
face of the brain in a non-penetrating manner. Some of most sophis-
ticated systems support ~103 Si-NM transistors per centimetre 
square, with amplified and multiplexed channels for electrophysi-
ological mapping on cortical or epicardial surfaces21,22. Figure 2d  
shows an example of a two-dimensional array of interconnected 
Si-NM transistors as an electronic backplane on a thin polyimide 
film (~13 μm thick), coated with multilayers of polyimide/epoxy 
(2.4/4.0 μm thick) photolithographically patterned to define open-
ings at platinum electrodes (50 nm thick) that connect to the tran-
sistors52. Related reports present exploded-view schematics of such 
active, multichannel systems, with layer configurations and bar-
rier materials22. Examples of scalable application of such concepts 
to high-channel-count systems with active components include 
196-channel arrays (14 × 14 configuration, unit size of 200 × 200 μm2,  
resolution of 250 μm) consisting of 392 transistors distributed across 
areas of ~12 mm2 (~25 μm thick) for auditory-cortex recordings 
in rats52, 288-channel arrays of amplified electrodes (18 × 16 con-
figuration, unit size of 250 × 250 μm2, resolution of 800 μm) with 
2,016 transistors and areas of ~180 mm2 (~48 μm thick) for cardiac 
electrophysiology in porcine models21, and 360-channel electrode 
arrays (18 × 20 configuration, unit size of 300 × 300 μm2, resolu-
tion of 500 μm) with 720 transistors and areas of ~90 mm2 (~25 μm 
thick) for visual-cortex recordings in feline models22. These types 
of technologies offer lifetimes in  vivo that are typically measured 
in weeks or months, limited mainly by water penetration through 
polymeric barrier layers as the key limitation for chronic use.

Flexible materials that can serve as superior alternatives to poly-
imide, epoxy, parylene and other traditional polymeric biofluid 
barriers are required for long-term, stable operation in biofluids. 
An example is in Fig. 2e, where pre-formed sheets of liquid crystal 
polymer (LCP, 50 μm thick) bond on both the top and bottom sides 
of Si-NM-based radio-frequency-integrated circuits, as barriers in 
an envisioned in  vivo wireless network of subcutaneous implants 
in live rats53. LCP materials have low rates of water permeation, and 
in this example, projections based on soak tests in PBS solution at 
elevated temperatures suggest lifetimes in vivo of up to about two 
years. The relatively thick geometry, however, limits the flexibility of 
system and heavily constrains options in the design of the electrical 
biointerface for sensing and stimulation.

Attractive features in neural interfaces include tissue-compliant 
mechanics and surface mounting configurations to minimize tissue 
damage (Fig. 2a), active bioelectronic components (Fig. 2d,e) and 
microscale, penetrating features (Fig. 2b,c) for recordings at depths 
below the surface. Recent research indicates that silicon-membrane 
diodes (1.25 μm thick) can serve as penetrating probes embedded 
in polyimide shanks (~1.5 mm long, 6 μm thick) and distributed 
on a conformal sheet (polyimide, 6 μm thick). These diodes act as 
photodetectors for mapping light intensity, with potential in neural 
optogenetic applications54. Additional work may establish means 
for increasing the density of such penetrating probes, possibly with 
advanced active electronics (such as multiplexed transistor array) 
for chronic operation.

Table 1 summarizes the mechanical properties and types/func-
tions of constituent materials for all cases outlined in Figs. 1 and 2, 
where the bending stiffnesses of various systems ranges from ~1.4 × 
10–16 to 1.0 × 10–10 Nm2 and the operational lifetimes during implan-
tation are typically in the range of months. An ambitious goal is 
to combine active electronic and/or optoelectronic functionality 
with water-impermeable barrier materials that can establish gentle, 
conformal interfaces to biotissues and offer stable operation for 
long-term lifetime (up to decades or more).

To compare different materials as biofluid barriers, the water 
vapour transmission rate (WVTR, with units of g m−2 d−1, some-
times referred to the water permeation rate)55, a widely used and 
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well-established parameter for encapsulation in many different 
conventional classes of devices and products, can serve as an indi-
rect but valuable comparative metric for initial assessment of pos-
sibilities56, often expressed as WVTR = Deff (C1 − C2)/l, where Deff 
is the effective diffusion coefficient of the barrier material, l is the 
thickness and C1 and C2 are the water concentrations at the front 
and back sides of the barrier layer57. Permeation generally involves 
a diffusion process (both liquid and vapour) through the barrier 
materials starting at the front side during immersion in biofluids 
or within a high-humidity environment, where the difference is 
that the initial water concentration (C1) for the former (immersion,  
~1 g cm−3) is many orders of magnitude higher than that of the latter 
(100% relative humidity (RH), ~10–4 g cm−3).

Figure 2f summarizes literature results at a specific condition  
(25 °C, 100% RH) along with approximate ranges that define 
requirements for different types of flexible devices. Previous work on 
encapsulation for displays that use organic light-emitting diodes has 
some relevance for the topic of this Review. Polymers (such as SU-8, 
polyimide and parylene) and deposited inorganic materials (such 
as SiNx and Al2O3) generally fail to offer sufficient water-barrier 
properties, where WVTR values range from 102 to 10–2 g m−2 d−1  
(refs. 56,58,59) and from 10–2 to 10–4 g m−2 d−1, respectively58,60. The 
limits for the former follow from the intrinsic permeability associ-
ated with the free volume of the polymer, the sizes of mobile chains 
and the interactions between the polymer and the biofluids61, all of 
which affect the diffusion of water through the polymer under spe-
cific conditions57. Here the effective water diffusion coefficient (Deff, 
unit of cm–2 s−1) can serve as a key property to compare various 
barrier structures. For a given polymer, increasing the density tends 
to decrease the free volume and therefore lower the diffusivity;  
hydrophobic chemical groups and efficient chain packing can 
also lead to decreases62. For example, elastomers such as silicones 
have high Deff values (~10–6 cm–2 s−1 at ~35 °C)63 while parylene  
C and LCPs offer comparatively low values (10–11 to 10–9 cm–2 s−1 at 
room temperature) due to differences in density, free volume and 
optimized chain packing within crystalline structures62,64. Of note 
is that LCP layers based on previous studies typically involve thick 
geometries (50–500 μm thick)53,59, thereby leading to low WVTR 

values (~10–3 g m−2 d−1) compared with those typically quoted for 
other types of polymers.

Inorganic barrier materials formed as films by techniques such 
as atomic-layer deposition (ALD) or CVD offer superior proper-
ties compared with those of organics, with Deff values that can be as 
low as ~10–13 cm–2 s−1 for the case of ALD TiO2 at 60 °C (ref. 65) and 
~10–16 cm–2 s−1 for CVD SiO2 at 40 °C (ref. 66), with correspondingly 
low values for the WVTR (as in Fig. 2f). Nevertheless, extrinsic 
imperfections associated with deposition or growth, such as micro-/
nanocracks, pinholes, grain boundaries, incomplete coverage and 
other defects, can be nearly impossible to eliminate, especially when 
formed in academic cleanroom facilities on surfaces that present 
disparate surface chemistries and challenging topography. The 
most common means to enhance the barrier performance features 
alternating multilayer structures of organic and inorganic materi-
als, or inorganic materials alone. ALD can yield materials (such as 
Al2O3, HfO2, ZrO2) in multilayer structures with thin geometries 
(~100 nm thick) at low deposition temperatures (~100 °C), as often 
used in organic light-emitting device displays67, where the WVTR 
can range from 10–3 to 10–5 g m−2 d−1. As an example, a repeating 
structure of Al2O3/ZrO2 (2.6 nm/3.6 nm, total ~130 nm thick) offers 
superior barrier performance (WVTR of ~4.7 × 10–5 g m−2 d−1  
at 70 °C, 70% RH) compared with those of other types of multi-
layer combinations67,68. Here a stable phase of ZrAlxOy forms at the  
Al2O3/ZrO2 interface. Increasing numbers of material inter-
faces increases the permeation paths for water diffusion, yielding 
enhancements in relevant barrier performance67.

Challenges in these and related types of schemes are not only in 
reliably forming such coatings on pre-fabricated devices, with levels 
of materials heterogeneity and surface topography mentioned pre-
viously, but also in overcoming the limitations associated with pro-
cessing conditions (chemistries, plasma exposures, temperatures) 
that must be compatible with the underlying bioelectronics. 
Schemes that circumvent these constraints decouple the device and 
its fabrication from synthesis and deposition procedures to define 
the biofluid barrier69. Here optimized conditions yield barrier lay-
ers of the best choices of materials on temporary substrates (such 
as polished silicon wafers), configured to minimize the potential 

Table 1 | Summary of key materials used in the various device platforms of Figs. 1 and 2

Studies Subject Key materials thickness (μm) Bending stiffness 
(Nm2)

Functions Operational lifetime
in vivoa

Ref. 29 Rat Polyimide/gold 4–6 – Recording/stimulation –

Ref. 30 Rat Parylene/CNT 3.5 3.3 × 10–12 Recording/stimulation 10 weeks

Ref. 31 Mouse Epoxy/platinum 0.9 1.4 × 10–16 Recording 3 months

Ref. 34 Rodent Parylene/PEDOT:PSS 4 – Recording 10 days

Ref. 35 Rat Parylene/PEDOT:PSS 2.6 – Recording –

Ref. 37 Rabbit Polyimide/gold/SMP ~100 1.0 × 10–10 Recording/stimulation –

Ref. 39 Feline Polyimide/gold 2.5 – Recording 4 weeks

Ref. 40 Rodent Epoxy/platinum 1 8.7 × 10–11 Recording –

Ref. 41 Rat Polyimide/gold 7 – Recording/stimulation –

Ref. 45 Rat Parylene/PEDOT:PSS 4 – Recording –

Ref. 47 Rat SiO2/titanium nitride 20 – Recording 153 days

Ref. 49 Rat Epoxy/Si-NW 1 6.2 × 10–12 Recording/stimulation –

Ref. 50 Rat Epoxy/Si-NW 1 0.64 × 10–15 Recording/stimulation –

Ref. 52 Rat Epoxy/Si-NM ~20 – Recording –

Ref. 53 Rat LCP/Si-NM 50 – RFID 6 weeks

Constituent materials involve CNTs, SMPs, Si-NWs and Si-NMs, with system functions that include recording, stimulation and radio-frequency identification (RFID). aOperational lifetimes in vivo refer to the 
experimental timescales demonstrated in animal models in each case.
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for formation of defects, independent of any other considerations. 
Subsequent steps then yield patterned layers of active and passive 
materials for functional bioelectronics systems on the surface of 
the barrier layer. Bonding to a substrate of interest (such as flexible 
plastic sheet) and eliminating the temporary substrate completes 
the process (referred to an inverted fabrication sequence), where 
the bottom surface of the barrier layer now forms the biointerface. 
Other schemes involve physical transfer of the barrier, pre-formed 
in this manner (referred to as a transferred barrier, Fig. 2f), onto a 
completed bioelectronic device. The advantages include formation 
of the encapsulation layer using optimized conditions (such as high 
deposition/annealing temperatures, pressures, chemical/plasma 
exposures and substrate surfaces/chemistries) without constraints 
associated with other materials or device structures and broad 
applicability across a wide range of material types for the barrier 
and the electronics53.

Approaches for chronically stable materials and devices
Recent efforts to develop multichannel electrical neural interfaces 
focus on chronically stable materials approaches and device designs 
that provide multiplexed signal readout and per-channel amplifica-
tion in a way that avoids cross-talk between neighbouring channels, 
of particular importance in systems with thousands of channels70. 
Here the key features are the barrier layers, which often serve not 
only as robust encapsulation structures in thin, flexible forms but 
also as high-quality electrical interfaces to surrounding biotis-
sues. The best cases offer high-fidelity operation with projected 
lifetimes of multiple decades. Recent reports describe the use of 
physically transferred layers of SiO2 thermally grown on surfaces of 
device-grade silicon wafers as key components of high-performance 
bioelectronic systems (Fig. 3a) that offer unmatched operating life-
times for active, flexible devices in simulated biofluids and in live 
animal models69. The nature of the growth process (thermal oxida-
tion, ~1,150 °C) yields dense, uniform and defect-free layers of SiO2 
(referred as t-SiO2) with highly controlled thicknesses, typically in 
the submicrometre range. The resulting materials offer exceptional 
barrier performance, in a biocompatible class of material with excel-
lent mechanical compliance by consequence of the thin geometry. 
The WVTR (~10–6–10–8 g m−2 d−1 with a thickness of 1 μm, at 25 °C,  
100% RH) of t-SiO2 is considerably higher than layers of SiO2 
formed by other methods (CVD, ALD, sol–gel processing)71–73,  
and the growth-based strategy on silicon wafers leads to films  
that are essentially free of defects, even in the environments with 
limited particulate and chemical control such as those found in 
most academic cleanrooms. Mechanical grinding and dry etch-
ing processes remove the wafer following the inverted fabrication 
sequence or before physical transfer. Depending on requirements, 
an additional transfer step can deliver a similar barrier layer onto 
the opposite side of a completed system. Examples of t-SiO2 for 
encapsulation of bioelectronic systems in this fashion focus on 
capacitively coupled devices, with active multiplexing and local 
buffering by arrays of Si-NM transistors, as described in detail in 
the following69.

Figure 3a schematically illustrates capacitive coupling to an elec-
trode (gold pad, 270 × 460 μm2) that connects to an underlying 
Si-NM transistor. Here, the t-SiO2 layer (900 nm thick) serves not 
only as the biofluid barrier but also as the capacitive interface to the 
adjacent biotissues, such that associated biopotentials modulate the 
channel of the Si-NM transistor. An optical micrograph of a repre-
sentative unit cell in a flexible, actively multiplexed array (18 rows, 
22 columns) for cardiac electrophysiological mapping is shown in 
Fig. 3a (right). Each cell includes two Si-NM transistors: one for 
multiplexing and one for amplification69. Such coupling mecha-
nisms offer signal amplification and minimize cross-talk. In vitro 
tests involve complete immersion in PBS solution (pH 7.4) at  
different temperatures. In all cases, a slow hydrolysis process  

(SiO2 + 2H2O → Si(OH)4) that proceeds by surface erosion repre-
sents the only factor that limits the lifetime, as opposed to extrinsic 
and intrinsic effects associated with pinhole defects or water per-
meation, respectively. Temperature-dependent measurements of 
the rates of hydrolysis of t-SiO2 in PBS appear in Fig. 3b, at tempera-
tures T of 27 °C, 37 °C, 50 °C, 70 °C and 90 °C, via assessments of 
thickness using ellipsometry. The results show a linear relationship 
between these rates and 1/T, consistent with Arrhenius scaling74. 
The data indicate an activation energy of EA = 1.32 eV, correspond-
ing to an exceptionally slow rate of change in thickness at 37 °C  
(~15 nm yr−1)74. This result suggests operational timeframes of sys-
tems encapsulated with t-SiO2 layers that can extend to the life of 
patient (>70 years at a thickness of ~1 μm).

Although promising as water barriers, species of ions present 
in biofluids, such as sodium (Na+), can diffuse through t-SiO2 lay-
ers under applied bias (Vapp) as a driving force, because t-SiO2 has 
a high ion diffusivity (6.53 × 10–17 cm2 s−1 at 37 °C) compared with 
those of other materials such as CVD SiNx (~4.94 × 10–21 cm2 s−1)75. 
Figure 3c shows numerical simulations for the spatial distribu-
tion of Na+ through the thickness of the t-SiO2 (1 μm thick) along 
with the corresponding electrostatic potential profile for various 
Vapp, and immersion in 96 °C PBS for ten days75, in an ideal situ-
ation and without considering the dissolution of t-SiO2. The Na+, 
driven by different Vapp, penetrates through the t-SiO2 layer and 
accumulates at the interface with the underlying silicon substrate. 
This process can degrade the performance of the electronics by 
shifting the threshold voltages of the transistors. Addition of cap-
ping layers on top of the t-SiO2 can prevent the diffusion of ions76. 
Secondary-ion-mass-spectroscopy data reveal ion-concentration 
profiles in the t-SiO2 (100 nm thick) in isolation and as integrated 
into a trilayer structure (parylene C/HfO2/t-SiO2, 50/50/100 nm  
thick), as a function of depth under different Vapp (0 V, 3 V)  
(Fig. 3d). The trilayer decreases the concentration of Na+ at the sur-
face of the Si by a factor of ~103 for Vapp = 3 V after immersion 
for two days in 37 °C PBS. In addition to blocking ion diffusion, 
immersion tests demonstrate that the capping layers (parylene  
C/HfO2, 50/50 nm thick) also slow the dissolution of the underly-
ing t-SiO2 in simulated biofluids at different elevated temperatures. 
Extrapolation of the results yield projected rates of ~10–4 nm d−1 
and ~0.04 nm d−1 in 37 °C PBS for cases with and without the cap-
ping layers, respectively74,76, thereby establishing a simple scheme 
for enhancing the expected lifetimes.

One inherent limitation of this type of approach is that the bar-
rier is unpatterned and its highly insulating properties impose 
limits on options in sensing and stimulation due to the associ-
ated high impedance (t-SiO2, 900 nm thick, ~2.6 GΩ at 10 Hz)69. 
Specifically, because sensing occurs by capacitive coupling, design 
layouts favour either large sensing areas or thin geometries in the 
t-SiO2 to achieve high coupling capacitance and low-noise opera-
tion. Scaling of either type degrades performance by compromising 
spatial resolution (large sensing areas) and system lifetimes (thin 
barrier thicknesses). Recent reports describe a solution that com-
bines highly doped silicon Si-NMs (p++-Si, ~1020 cm–3, boron dop-
ants) monolithically bonded to t-SiO2 (ref. 77). Here, as illustrated 
in Fig. 3e, dry and wet etching procedures define small openings 
through a layer of t-SiO2 (area of 15 × 15 μm2) to expose an underly-
ing p++-Si-NM at each unit cell, all created from the device silicon 
layer and the buried oxide of a silicon-on-insulator wafer follow-
ing removal of the handle wafer. The result is a conducting via 
structure integrated with the layer of t-SiO2, which we refer to as 
p++-Si//t-SiO2, where the p++-Si serves as both a biofluid barrier and 
a direct, conductive electrical interface that connects an underlying 
backplane of electronics built around Si-NM transistors to targeted 
biotissues. Figure 3e (right) presents an optical image of a unit cell 
of this type in an actively multiplexed array (64 channels, 8 rows, 8 
columns) designed for neural recording. Here, thin-film electrodes 
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(gold, 300 nm thick) on top of p++-Si//t-SiO2 act as the conductively 
coupled interface that covers the entire area of each unit cell (area of  
360 × 360 μm2), for fill factors that can approach ~100% (ratio of 
the area of the sensing/stimulation electrode to the area of the unit 
cell) with p++-Si-NMs that consume only a small fraction of the cor-
responding area for the electronics (~5% fill factor). This construc-
tion also forms a bilayer barrier of p++-Si (device side, 60 nm thick)/
Au (biotissue side, 300 nm thick) to improve system lifetimes. The 
results of soak tests for barrier designs with and without gold films 
are shown in Fig. 3f, with experimental measurements of dissolu-
tion rates of p++-Si layers (Si + 4H2O → Si(OH)4 + 2H2). The rate 
can be reduced to ~20 nm d−1 with a capping layer of gold (300 nm 
thick) in 96 °C PBS (compared with ~50 nm d−1 without the gold), 
with an activation energy of EA = 0.82 eV (ref. 77). On the basis of 
the linear relationship between rates and 1/T in Arrhenius scaling, a 
projected dissolution rate of ~0.2 nm d−1 in 37 °C PBS can lead to a 
lifetime of about one year.

A further enhancement of this general approach replaces the 
p++-Si, which has a rate of dissolution that is high compared with that 
of t-SiO2 (p++-Si: ~0.5–4.0 nm d−1 depending on ionic concentra-
tion, in 37 °C PBS, 1020 cm–3 dopants; t-SiO2: ~0.04 nm d−1)74,77,78 with 
titanium silicide (TiSi2) derived by thermal annealing (at 850 °C)  
of titanium deposited on a Si-NM (p++-Si) on t-SiO2 (ref. 79). 
The resulting bilayer structure of p++-Si/TiSi2, exposed through 
openings etched in the t-SiO2, can serve as encapsulation and 
bio-interface, which we refer to as p++-Si/TiSi2//t-SiO2. Figure 3g 
(left) shows the time evolution of the impedance at 1 kHz associ-
ated with multilayer constituent materials (p++-Si (100 nm)/TiSi2 
(90 nm)//t-SiO2 (1 μm)) on a gold pad (50 μm diameter, 300 nm 
thick) during immersion in 96 °C PBS. During the soak tests, deg-
radation of the barrier begins with dissolution of the top p++-Si at 
a rate of ~50 nm d−1 in PBS at 96 °C, indicating that the impedance 
remains at ~500 kΩ after exposure of underlying TiSi2 (day 2).  
The TiSi2 remains functional (days 3–11) until complete dissolu-
tion of the surrounding t-SiO2, which occurs at a rate of ~90 nm d−1  
under similar conditions74. The t-SiO2 (1 μm thick) disappears 
after 12 days, without any measurable change in the thickness of 
the TiSi2 layer, resulting in lateral water penetration to the gold 
pads and a corresponding dramatic decrease in the impedance. 
These results suggest a survivability of the structure (p++-Si/TiSi2, 
100/90 nm thick) that is superior to that of t-SiO2 (~70 years at  
1 μm thickness in 37 °C PBS). Comparisons of lifetimes of 
Si-NM transistors in 96 °C PBS based on different encapsulation  
strategies (t-SiO2, p++-Si and p++-Si/TiSi2//t-SiO2) with various 
thicknesses appear in Fig. 3g (right), with an emphasis on the 
chronic stability of p++-Si/TiSi2//t-SiO2 (100 nm/90 nm/1 μm 
thick), comparable to that of a single t-SiO2 layer (1 μm thick).  
The data indicate that in these materials systems, the lifetime 
is only limited by hydrolysis of t-SiO2. Specifically, because 
the material does not react with water, the TiSi2 layer pro-
vides a water diffusion rate of ~3 nm d−1, as extrapolated from 
temperature-dependent studies of immersion in PBS solution79, 
compared with a dissolution rate of ~90 nm d−1 in t-SiO2 at 96 °C 
(ref. 74), with a projected lifetime at 37 °C that is three orders of 
magnitude higher than that of a t-SiO2 layer of encapsulation with 
the same thickness.

As perhaps the ultimate solution, recent work shows that mono-
crystalline silicon carbide (SiC formed by CVD, 1,250 °C) can serve 
as an electrically conductive and chemically inert interface80–82 by 
physical transfer processes conceptually similar to those demon-
strated for t-SiO2. Figure 3h illustrates this concept with an NM of 
SiC (230 nm thick, 1020 cm–3 dopants of N, ~10 kΩ impedance at  
1 kHz) as a large-area biofluid barrier (area of ~1 mm2), with simple 
initial demonstrations in bioelectronics (a four-terminal resistor) 
interconnected by traces of gold (300 nm thick)83. Helium leak tests 
on this SiC NM material confirm its defect-free barrier properties. 

Corresponding soak tests indicate excellent water and ion barrier 
properties with nearly zero rates of hydrolysis (in 96 °C PBS) and 
ion diffusion (Na+), thereby providing the longest operational tim-
escale (>60 days at 96 °C) for Si-based barriers reported thus far. 
These materials and systems provide excellent opportunities for 
long-lived, flexible, high-performance bioelectronics.

Long-term implants with high resolution and scalability
The utility of these materials and integration concepts are in 
high-density/channel-count neural interfaces, with potential in 
diagnostic and neuromodulation applications capable of support-
ing many thousands of channels for chronic recording and stim-
ulation. Specifically, improved resolution in recording of neural 
activity via μ-ECoG systems with active electronic operation can 
reveal high-frequency spiking activities, oscillations, microseizures 
and spatiotemporal patterns of behaviour, beyond the possibilities 
afforded by passive electrode technologies. Table 2 summarizes 
results for both active and passive μ-ECoG systems achieved over 
the past decade22,25,34,53,84–95. Of note are platforms based on Si-NM 
transistors that offer amplification and multiplexed addressing with 
resolution ranging from 250 μm and 500 μm through demonstra-
tions in rat and feline models, respectively22,53, and passive electrode 
arrays (refer to ‘NeuroGrid’) that allow measurement of extracel-
lular action potentials with 60 μm resolution from both rat and 
human cortical surfaces34. A goal for future μ-ECoG systems is to 
achieve spatial resolution of ~10 μm and temporal resolution in the 
submillisecond range, over large areas, all with the ability to survive 
without degraded performance in vivo for weeks, in the context of 
biomedical research and surgical diagnostics, or for many decades, 
in permanent implants. Such technologies demand distributed 
active electronic functionality, mechanical compliance, geometrical 
conformality and ‘perfect’ biofluid barriers.

Figure 4a,b represents a recent progress in this direction in the 
form of a high channel-count, flexible μ-ECoG device95, where 
Si-NM arrays support active functionality for readout across more 
than 103 electrodes (28 columns, 36 rows with 330 × 250 μm2 resolu-
tion) covering an area of 9.00 × 9.24 mm2 and encapsulated with a 
uniform layer of t-SiO2. Each unit cell includes buffer and multiplex-
ing transistors for data acquisition with only 92 wires for addressing, 
and sampling rates of 434 Hz per electrode channel. The resulting 
interconnection scheme, enabled by the electronics, offers a fac-
tor of ~11 times fewer wires (92) compared with passive electronic 
designs with the same numbers of channels (Table 2). The ultrathin 
format for the functional materials (200-nm-thick Si-NMs) leads to 
system-level thicknesses (~29 μm thick) that enable high degrees of 
mechanical flexibility (Fig. 4b, right) and minimal bending-induced 
strain associated with mounting in artificial dura (radii of curvature 
of ~1.5 mm). The result allows for robust operation on the senso-
rimotor cortices of animal models across a range of species, including 
non-human primates (NHP) (Fig. 4c). The spatiotemporal dynamics 
results shown in Fig. 4d represent the use of such a high-resolution 
μ-ECoG platform to capture visual evoked biopotentials that propa-
gate from sensory to motor cortices of an NHP. The data correspond 
to full electrophysiological maps with >103 sensing sites, shown here 
at 6 sequential time points over a period of 125 ms. Such large-scale 
and continuous monitoring and mapping of responses on multiple 
cortical surfaces have potential uses in neuroscience research and, 
ultimately, human health and brain interfaces.

Chronic stability is enabled by layers of t-SiO2 (Fig. 4a) on the 
front and back sides, and along the lengths of the interconnecting 
wires for readout (Fig. 4e). Figure 4f shows the leakage currents 
measured from systems with these designs, but reduced in overall 
dimensions to allow chronic implantation on the auditory cortex 
of adult rats (five animals). The results indicate that the currents 
remain below the safety thresholds for more than a year (maximum 
of 435 days). In this particular case, external failure results from a 
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sudden and irreparable detachment of the head stage and electrode 
from the cortical surface, suggesting the possibility that the neural 
interface part of the device could survive beyond this timescale. As 
shown in Fig. 4g, the recording of click-evoked signals (blue line) 
indicate SNR levels that remain above parity of 0 dB, clearly distinct 
from the average baseline (black line) over the course of one year 
(>368 days), consistent with the lifetime associated with the leakage 
current test (Fig. 4f). Compared with other systems (Table 2) whose 
lifetimes are limited by extrinsic and intrinsic properties of conven-
tional biofluid barriers, these flexible, active electronic platforms for 
μ-ECoG can record stable, high-fidelity neural signals in vivo across 
timescales of years, due to use of defect-free t-SiO2 encapsulation. 
The chronic scalability and robust, highly functional operation of 
this form of bioelectronic implant represent important steps toward 
high-performance neural interfaces that support active electronics, 
with capabilities for data analytics, wireless data communication 
and power transfer.

For use in large animal models, and ultimately, humans, scal-
ability to areas of many square centimetres and alignment with 
manufacturing techniques in the integrated circuit industry will be 
critically important. Techniques in microscale transfer printing96, in 
which soft stamps allow retrieval and delivery of large, organized col-
lections of microscale electronic components from a source wafer to 
a target substrate, offer powerful capabilities in this context. Recent 
reports establish the basic feasibility of this type of approach, in 
the form of demonstrators that include heterogeneously integrated 
electronic/optoelectronic components, with potential to serve as 
large-scale, multifunctional networks for intimate interfaces to soft 
biotissues. An example appears in Fig. 4h,i, where assemblies of tens 
of thousands (>32,000) of active components (Si-NM transistors 
and inorganic microscale light-emitting diodes) derived from pro-
cessed wafers from foundry sources are distributed at high yields 
(~97%; inset of Fig. 4i) and with variable pitch spacing (dense or 
sparse arrays, as insets in Fig. 4h) across polymer films with areas 
that are comparable to the full-scale dimensions of the human brain. 
Compared with previous reports, this example expands key metrics, 

including the number of functional components (from ~2,000 to 
~64,000)21, the number of measurement channels (from ~200 to  
~32,000)52 and the area coverage (from ~1 cm2 to 150 cm2)22.  
The mechanical flexibility supports bending to radii of curvature 
of 3 cm (Fig. 4i) after encapsulation with physically transferred  
barriers. The results foreshadow future ‘organ scale’, multifunctional 
bio(opto)electronic technologies with broad-ranging significance.

Challenges and future directions
As highlighted in this Review, progress in engineered materials, 
design constructs and integration schemes is essential to the devel-
opment of flexible, long-lived bioelectronics systems with chroni-
cally stable, high-performance operation. From the standpoint of 
form factors, diverse options now exist, from filamentary probes 
to flexible sheets and open-network-mesh architectures. Various 
materials can be considered, although relatively few offer combined 
capabilities in active electronic functionality and long-term stability 
in operation. Recent work suggests promise in the development 
and use of silicon-based materials (such as Si, SiO2, SiC, silicides) 
with submicrometre thicknesses derived from source wafers, as 
stable electrical/optical biotissue interfaces and biofluid barriers for 
sensing/stimulation in live animal models97, with levels of perfor-
mance and operational lifetimes that qualitatively exceed those of 
existing alternatives. A topic of critical importance in all cases is 
material biocompatibility, as immunological reactions at the mate-
rial interfaces with biotissues and cells can compromise the quality 
of biosignals and thereby reduce the effective lifetimes of systems. 
In some cases, functionalized polymers and/or drug-eluting mate-
rials can suppress immunogenetic scar formation and mitigate the 
risks of infection. Here, and in other contexts, the notion of hybrid 
materials approaches that combine the best attributes of organic and 
inorganic materials together into integrated systems appears to rep-
resent the best approach.

Additional opportunities for research are in electronic/optoelec-
tronic/microfluidic systems that support multifunctional operation, 
with options in programmed pharmacological delivery and mul-

Table 2 | Performance of recent flexible μ-ECoG systems

Studies Year Subject Active
or passive

Number of
electrodes

Number of
wires

Spacing
(mm)

Coverage
(mm2)

implant duration
for study

Ref. 84 2006 Rat Passive 64 64 0.75 36 –

Ref. 85 2007 Rat Passive 256 256 0.5 64 –

Ref. 86 2007 Rat Passive 72 72 0.64 27 42 days

Ref. 87 2007 NHP Passive 56 56 1 36 –

Ref. 88 2009 NHP Passive 252 252 2 2,100 137 days

Ref. 89 2011 Rat Passive 256 256 0.5 64 –

Ref. 90 2011 Human Passive 127 127 10 12,700 –

Ref. 22 2011 Cat Active 360 58 0.5 90 –

Ref. 91 2012 Human Passive 64 64 4 1,000 –

Ref. 34 2015 Rat Passive 64 64 0.1 1 10 days

Ref. 52 2014 Rat Active 196 29 0.25 12.25 –

Ref. 92 2016 Human Passive 128 128 3 1,152 –

Ref. 93 2016 Human Passive 16 16 1 16 –

Ref. 25 2016 Human Passive 240 240 0.23 840 –

Ref. 94 2017 NHP Passive 96 96 0.7 4,704 –

Ref. 95 2020 NHP Active 1,008 92 0.33/0.25
(average 0.29)

83.16 –

Rat Active 64 24 0.4 10.24 435 days (in rat)

Table reproduced with permission from ref. 95, AAAS.
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timodal sensing, to combine measurement and diagnostics with 
stimulation and therapy, as the basis for closed-loop operation at 
different interface points (spinal cord, peripheral nerves, cardiac 
surfaces and other organs)23,38. In all cases, biocompatible mechan-
ics is essential, where flexibility (such as capacity to bend to small 
radii of curvature without damage) can be valuable but stretch-
ability (such as capacity to stretch to large levels of strain without 
damage) is preferred to allow systems to adapt to natural curved 
textures and time dynamic motions of living systems. Considerable 
challenges remain in the development of collections of active and 
passive materials that meet all of the demanding criteria discussed 
in this Review, even during bending, stretching and twisting. As an 
additional thought, although the content presented here focuses on 
goals in ‘infinite’ lifetime, notable materials opportunities exist in 
systems that offer the opposite behaviour, as temporary implants 
built around concepts in ‘transient electronics’98, where the resulting 
systems dissolve in biofluids to biocompatible end products with 
targeted lifetimes that match specific biological processes.

Many of the emerging technologies and materials for chronic 
neural interfaces highlighted in this Review have immediate util-
ity in fundamental research on cell cultures, organoids and animal 
models, where the goal is not necessarily for use in humans. Critical 
challenges remain in connecting these advances to real-world appli-
cations in clinical practice, where requirements are in recording/
stimulation for monitoring/treatments for neurological disor-
ders, high spatiotemporal resolution and scalability (thousands of 
recording channels) for high-fidelity operation, and stable biocom-
patibility in terms of chemistry and mechanics for specific applica-
tion cases. Efforts to address these issues focus on the constituent 
materials, as the basis for the next-generation of bioelectronic sys-
tems. These and other ongoing interdisciplinary efforts in neuro-
technologies involve, in most cases, materials science and materials 
engineering at their core. The diverse topics in basic science and 
the potential for broad-ranging impact in biomedical research and 
human healthcare create fertile ground for new approaches and new 
concepts in fundamental and applied research.
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