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Abstract

Research in bioelectronics is highly interdisciplinary, with many new developments being based 

on techniques from across the physical and life sciences. Advances in our understanding of the 

fundamental chemistry underlying the materials used in bioelectronic applications have been a 

crucial component of many recent discoveries. In this Review, we highlight ways in which a 

chemistry-oriented perspective may facilitate novel and deep insights into both the fundamental 

scientific understanding and the design of materials, which can in turn tune the functionality and 

biocompatibility of bioelectronic devices. We provide an in-depth examination of several 

developments in the field, organized by the chemical properties of the materials. We conclude by 

surveying how some of the latest major topics of chemical research may be further integrated with 

bioelectronics.
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1. Introduction

Blurring the boundaries between biotic and abiotic systems, bioelectronics is catalyzing 

profound progress in diagnoses, therapy, prosthetics, as well as facilitating a deeper 

understanding of physiological processes. New directions and activities are emerging in the 

bioelectronics community, which signify that this is an active, exciting field with numerous 

unexplored questions. Some of the recent developments include advanced materials 

synthesis,1, 2 closed-loop neural3, 4 and cardiac5–8 interfaces, 3D seamless integration of 

chronic bio-interfaces,9–12 in vivo real-time biosensing,11–16 therapeutics for restoring lost 

neural functions and reversing neurodegenerative disorders,17–21 etc.
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Generally, the validation and optimization of material and bioelectronics devices are heavily 

focused on engineering and functional considerations. Electrical circuits of various scales 

and geometries have been designed and manufactured to interrogate bioelectrical 

phenomena with high fidelity and sensitivity over a wide range of spatial scales.22 At the 

small end, there is the nanoscale subcellular level, where relevant devices include single-

channel patch-clamp and nanoscale field effect transistors. Individual cells and colonies exist 

on the micron to millimetre scale, where electrical monitoring is typically performed with 

whole-cell patch-clamp or extracellular electrodes. At the mesoscale tissue-level, 

microelectrode arrays and mesh electrodes are the most widely used tools for monitoring. To 

obtain tissue monitoring with fine spatial resolution, the integration of hundreds of 

electrodes in parallel arrays have been developed for simultaneous signal collection. 

Furthermore, more functionalities, such as drug delivery, optogenetics, MRI or acoustic 

imaging, and wireless signal transductions, have been factored and assembled into integrated 

probes intended for more sophisticated investigations of biological activities using integrated 

fabrication and engineering techniques.23–26

While the engineering aspects of bioelectronics are extensively discussed elsewhere,27–32 

the coverage of chemistry-specific developments in the literature has been comparatively 

sparse. Despite this, they have aided in creating a new functional material toolkit, in tailoring 

traditional materials to achieve long-lasting functioning, and in improving probe efficacy 

and functionality. In this review (Fig. 1), fundamental synthetic chemistry, surface chemistry, 

electrochemistry, and biophysical chemistry in bioelectronics are discussed first. Next, we 

summarize new chemical advances that are essential for bioelectronics performance under 

each category of material (i.e., inorganic or organic semiconductors or conductors, Table 1). 

These processes play fundamental and indispensable roles to advance the field as they 

produce new material components, optimize cost-efficient production, promote 

biocompatibility and long-term stability, improve electrochemical and biophysical 

performance, and help reveal new biophysical mechanisms and functionalities at 

biointerfaces. At the end of the review, we discuss new chemistry opportunities for future 

bioelectronics.

2. Fundamentals at biointerfaces

In this section, we want to accustom the reader to the fundamentals of working with 

junctions between the various materials and biological structures, which are referred to as 

biointerfaces. First, we discuss the size and time scale of the formation of interfaces and how 

they affect our choice of materials. We follow with a discussion on the basic biophysical 

principles behind the transduction of biological signals. Finally, we describe the concepts of 

mechanical matching between natural and artificial systems and the importance of their 

biochemical stability.

2.1 Size scales of bioelectronics

Biointerfaces can be formed at different length scales depending on the relevant biological 

question and application, ranging from large-area non-specific modulation to subcellular 

sensing (Fig. 2a). The following discussion provides not only a description of biointerface 
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design but also a historical perspective on the field of bioelectronics. Relatively large, 

noninvasive electrodes were developed first and remain widely used today. For recording, 

those applications are mainly electroencephalography (EEG) for recording brain activity 

through the scalp, electrocardiography (ECG) for recoding of cardiac activity, and 

electromyography (EMG) for investigation of skeletal muscles. Similarly, large-area 

stimulations are routinely used in emergency cardiac arrest defibrillation, in physical therapy 

for electrical muscle stimulations, and to effectively treat some mental illnesses through 

electroconvulsive therapy.33 By definition, large-area techniques have limited resolution and 

suboptimal efficiency due to making indirect contact and being placed far from the tissue of 

interest. The bioelectrical effects are averaged over a large area and it is therefore difficult to 

disentangle the variety of chemical interactions at this scale.

Progress in materials research brought the possibility of the creation of probes with higher 

resolution placed closer to the active cells, which facilitated the development of smaller and 

less invasive devices. The first step was the development of direct biointerfaces with a single 

organ. These efforts brought us artificial pacemakers, cochlear implants, and deep-brain 

stimulation probes, which improved survival and quality of life for millions of people. 

However, the realization of challenging goals such as visual prosthetics or brain-machine 

communication requires single-cell resolution. Traditional electronics face certain key 

limitations in such applications. Namely, they possess undesirable mechanical properties, 

limited biocompatibility, and low interface resolution.

The advent of modern micro- and nanotechnology opened the next frontier in 

bioelectronics2, 11, 12, 23, 29, 32, 34–40. Probes became smaller and more adaptable, improving 

the biocompatibility of devices. Micron-sized devices allowed for measurement of local 

electric potentials deep inside tissues and interfacing with small groups of cells, bringing a 

whole new insight into the study of cell physiology. On this scale, substantial chemical 

interactions between the materials and the tissues, such as adhesive forces, have to be taken 

into account. Current state-of-the-art devices are capable of forming exact single-cell 

extracellular41 and intracellular42, 43 interfaces. Hopefully, further development in the field 

will produce methods for single organelle modulation or even studies on specific cell 

structures such as microfilaments or ion channels. Such measurements will become highly 

local and allow the study of heterogeneity44 and non-equilibrium processes in living cells. 

On the lowest scale, chemical and mechanical energy terms become approximately equal in 

magnitude,45 which will without doubt reveal the presence of new fundamental processes.

With increased spatial resolution comes decreased signal throughput through the 

biointerface. While large-area recordings give only average readings of electrical activity, 

such recordings are generally more useful for practical applications. Signals from single 

cells are usually not representative of the entire tissue and can carry significant noise. 

Therefore, another challenge that comes with utilizing microscale biointerfaces is achieving 

high parallelization of modulation and recording. For this purpose, massive amounts of 

bioelectronic components have to be fabricated or assembled. Recently, significant effort has 

been put into clinical translation of machine-brain interface technologies by Neuralink. 

Recent reports demonstrate simultaneous recording from 1020 electrodes.46 While this 

number is ten-fold higher than those of classic microelectrode arrays (e.g., Utah or Michigan 
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probes),47–52 it is still far from that achieved by biological interfaces. For example, human 

auditory nerves are made of some 30,000 myelinated neuron fibers53 and optical nerves of 

more than a million.54 The number of neuronal connections necessary to establish a high-

fidelity computer-brain interface is still a matter of debate. However, with the first devices 

entering clinical trials,55, 56 we should expect a better quantitative assessment of these 

technologies over the next few decades. It can be envisioned that new materials in a form of 

massively self-assembled neuro-mimetic fibrils will one day match the parallelization of 

information transfer observed in nature. A recent report showing bundles of microwires used 

for neuronal recording represents a promising early step in this direction.57 It is therefore 

important to study nanoscale self-assembly processes, dynamic combinatorial libraries and 

other types of parallel chemistries for the synthesis of future bioelectronic devices.

2.2 Time scales of bioelectronics

The relevant time scales in the bioelectronics can be seen from two orthogonal perspectives. 

One describes the time scale over which biological signals are generated (Fig 2b), and the 

other is the duration of the biointerface, that is, the time that the device and the biological 

system spend in contact. (Fig 2c). The timing of recording and stimulation with respect to 

the biological events will be discussed first. For interfacing with highly active cells such as 

neurons or cardiac muscles, which can fire an action potential on the timescale of 

milliseconds, a high frequency response is required from the device. For investigations of 

even more transient biological events such as the action of molecular motors or activity of 

single ion channels, even higher temporal resolution on the timescale of nano- to 

microseconds is required. The timing of the target process therefore determines the required 

kinetics of the recording or stimulation. For example, for studies of transient states, using 

diffusion-limited processes would be unwise. Conversely, devices meant to sense or 

stimulate slower physiological processes such as bone regeneration58 require less temporal 

resolution but carry with them a different set of considerations. In this case, interfacial 

chemistry plays an important role as interactions such as adhesion have a significant effect 

on the stability of an interface as well as any immune response it can elicit. Likewise, 

devices that can potentially impact mechanotransduction or chemical transduction must 

consider the time scale of these processes, where signals are delivered and processed with 

significant delay, on the order of minutes to hours. Understanding the required stimulation or 

response frequency is thus a critical factor in matching the design of devices with their 

specific applications.

The other independent time scale is the period over which we expect our biointerface to be 

active. The interfacing time scale can range from extremely transient experiments to 

permanent implantation for clinical applications. Biointerfaces used in studies of individual 

physiological processes can be relatively short-lived. They are used to study single 

physiological interactions and disposed of soon after. As such, these types of experiments do 

not require extensive studies of stability and biocompatibility. Maintaining stable 

biointerfaces becomes a concern for experiments with tissues or cell cultures. In this case, 

devices need to maintain their integrity and it becomes important to evaluate additional 

interactions in the biointerface beyond the designated purpose of the device. If for example, 

the products of the device decomposition lead to uncontrolled proliferation of cells or 
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increased cytotoxicity, such interactions cannot be ignored. It is therefore critical to take into 

account the chemical composition of such devices as well as the reactivity of their 

constituents. For applications requiring implantations of the device into an organism, not 

only does device stability have to be higher, but additional considerations have to account 

for the immune system response to the presence of a foreign body. The origin and methods 

of mitigation of immune response to the biointerface will be discussed in the following 

section. Excellent stability and biocompatibility are required for a long-term integration of 

bioelectronics with a host body. An important example of an application that requires long-

term integration is the formation of chronic brain interfaces. The delicate nature of brain 

tissue makes it not only more sensitive to invasive probes, but due to the brain’s limited 

regeneration ability, replacement of used bioelectronics devices with new ones is not a 

feasible solution. Each removal and insertion of probes causes irreversible trauma that can 

lead to fatal accumulation of damages. Therefore, clinical applications of the machine-brain 

interface demand stable, long-term biointerfaces.

For long-term integration of bioelectronics, additional attention has to be paid to all the 

secondary electronics necessary for their operation. Bench-top controllers, transducers, and 

power sources can be used in short-term laboratory experiments without concern. The case 

is significantly different for implantable bioelectronics, where electrodes tethered to 

extensive external instrumentation limits the mobility of host organisms and makes such a 

solution impractical. Hence, lightweight and, ideally, remote-controlled recording and 

modulation devices represent an important design principle that requires significant thought. 

The essential issue is the integration of bioelectronic devices with proper microscale power 

supplies. Recent developments point to devices to which power can be delivered remotely, 

e.g., through magnetic resonant coupling.59 Another front is led by the freestanding devices 

that lack traditional electric circuits, but can locally stimulate tissues through 

magnetothermal,23, 60 chemomagnetic,61 photoelectrochemical,62, 63 photothermal,64–67 and 

photoacoustic38, 68 effects that are initiated with remotely delivered physical stimuli. Future 

research in applied bioelectronics will no doubt veer towards the development of integrated, 

wireless devices for the ultimate goal of seamless, inconvenience-free bionic integration.

2.3 Signal transductions

Biological systems fundamentally differ from standard electronics by their mechanisms of 

signal generation and transmission. In conventional conductors such as metals, the majority 

of electric charge is carried directly by electrons. In biological systems, rich in water, ions, 

and organic matter, electric current is carried mostly by ionic fluxes. These two modes of 

conduction are, in principle, very dissimilar, which requires a specific interface in which 

signals can be transduced (Fig. 3).

2.3.1 Bioelectricity in cells and tissues—Electrically active cells communicate via 

spikes of ion fluxes caused by a sudden release of ions, known better as action potentials. 

The potential difference between insides of cells and their extracellular environment (usually 

negative) is maintained by active transport and imbalance in the concentration of ions, 

typically K+ and Na+. The resting transmembrane potential existing due to this imbalance is 

classically described using the Goldman-Hodgkin-Katz (GHK) equation:
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V rest = RT
F ln

∑i
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+]out + ∑j

MPAj−[Aj
−]in

∑i
NPMi

+[Mi
+]in + ∑j

MPAj−[Aj
−]out

Equation (1)

where Vrest is the resting membrane potential, R is the ideal gas constant, T is the absolute 

temperature, and F is the Faraday constant. The sums account for permeabilities P and 

concentrations [M] of monovalent ions on the inside and outside of the membrane.69 The 

resting membrane potential is the mechanism by which cells store energy used for signaling. 

When stimulation occurs, passive ion channels open and ions freely flow in and out of the 

membrane. This ion flux generates electric currents which can create a local potential 

change in the tissue, effectively meaning this cell is interacting with neighboring cells to 

cause further signal transduction. A potential generated at point (x,y,z) by moving ions can 

be derived from Ohm’s law and, treating the ions as pure monopoles, takes the form of:

V (x, y, z) = ∑
i = 1

n Ii
4πσri

Equation (2)

where Ii is the current from the ith monopole, σ is the conductivity of the medium, and ri is 

the distance from the monopole to the point (x,y,z).69

The aforementioned model averages molecular interactions and approximates properties of 

the media and the surrounding tissues. In reality, the environment of biological fluids is 

highly crowded, and in dense structures, e.g., brain tissue, electrodiffusion is affected by 

heterogeneities at a molecular level.70 Hence deviations from this classic interpretation can 

be observed on a subcellular length scale. Such heterogeneities can arise from the 

extracellular environment and interactions with large proteins and charged species, as well 

as from uneven spatial distribution of ion channels in the membrane. Therefore, it is 

paramount that the progress in nanodevices’ research comes together with the development 

and validation of new theoretical models.70

2.3.2 Electrochemical sensing or modulation processes—The most 

straightforward electrode-tissue interface utilizes capacitive currents (Fig. 3). A chemically 

inert electrode can only inject current due to building capacitive charge on its surface due to 

applied potential. Ions with complementary charges will migrate towards the electrode, 

creating charge currents, and start building up a layer on the electrode surface called an 

electrical double layer (EDL). Ionic currents will flow only until the electrode is fully 

charged. The time constant for EDL formation can be described as:

τEDL = ReCe Equation (3)

where Re and Ce are the leakage resistance and capacitance of the electrode, respectively. 

This simple relation is an essential operational specification of the electrode. It describes its 

operational limits as well as its bandwidth – the maximum frequency at which signals can be 

delivered or received. The electrical interaction between the electrode and the membrane can 

be estimated with a highly simplified model of an equivalent circuit, in which the cell and 

electrode are treated as potential sources, an interface is modelled as a parallel capacitor and 
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a resistor, and an additional term is added for internal electrode resistance.71 Using this 

equivalent circuit and Equation 2, we can derive the relation between cell and electrode 

potentials:

V e = 1
4πσr

1
Re

+ sCe
−1

+ Rint V cell Equation (4)

where Ve is the electrode potential, Vcell is the potential at the cell surface, Rint is electrode’s 

internal resistance, and s is the complex frequency of interacting waveforms. The above 

equation can be used to qualitatively describe both stimulation and recording. For 

stimulation, we choose to control electrode potential Ve and interact with the cell. For 

recording, the cell is firing its active potential Vcell, and we measure readings received on the 

electrode.

By analyzing Equation 4, fundamental qualities of electrode-cell biointerfaces can be 

derived. First, electrical interaction, as parameterized by the potential, is inversely 

proportional to the distance r between the electrode and cell membrane. Hence the closer the 

distance between the electrode and the membrane, the stronger the interaction. Also, for 

strong interactions, it is recommended to keep leakage resistance (Re) low and electrode 

capacitance (Ce) high. Resistance of interconnections plays a role in determining the signal-

to-noise ratio (SNR) of the biointerface. For higher currents, Rint has to be kept low, but for 

good SNR, it has to be kept high. For designs in which the electrode is bifunctional and used 

for recording and stimulation, a compromise has to be made.

Purely capacitive electrodes rely only on EDL and have a limited range of operation. 

Stimulation with higher potentials can be accomplished using electrodes injecting Faradaic 

currents (Fig. 3). Such an electrode is chemically active and introduces new ions due to 

electrochemical reduction or oxidation occurring on its surface. It has been shown that 

highly catalytic electrodes are capable of stimulating with strong potentials.72 The drawback 

of using a chemically active electrode is its degradation over time. One possible way to 

prevent extensive damage to an electrode injecting Faradaic current is the application of 

principles used for the fabrication of supercapacitors.73 These principles include the 

application of nearly completely reversible electrochemical reactions or precise structuring 

of the electrode on the atomic level, which permit increasing its capacity beyond the limit of 

traditional materials. Another possible development in this field might be the application of 

bioelectrocatalysis (Fig. 3), which uses electrode-bound enzymes to generate active species 

in situ for selective stimulation or process metabolites present in the system to be used for 

their detection.74, 75 Additionally, although redox signaling is paramount in biological 

systems,76, 77 it was not thoroughly explored with respect to bioelectronic modulation.

2.3.3 Optoelectronic or photoelectrochemical sensing or modulation 
processes—Semiconductor-based optoelectronics or photoelectrochemical devices can be 

used to deliver (e.g., using a light emitting diode [LED] or a photovoltaic device) or read out 

(e.g., using an in vivo photometer) stimulation signals at the biointerface, when matched 

with electrical circuits or wireless microcontrollers (Fig. 3).78, 79 To perform single cell 

studies, we can either use semiconductor structures/devices that are microns or nanometres 
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in size, or use highly localized initial stimuli (e.g., a laser spot) over macroscopic structures/

devices.

Many of the devices for such studies are based on diode junctions. In particular, for 

photoelectrochemical stimulation applications, a photovoltaic mechanism is often adopted.62 

A diode device is typically created when hole-rich (p-type) and electron-rich (n-type) 

semiconductors are placed in contact, causing a shift in their valence and conduction bands 

near the p-n junction, within a region called the depletion zone. Photoexcitation can promote 

an electron from the valence to the conduction band, creating an electron-hole pair.38 The 

electrons and holes then diffuse away from the depletion zone in accordance with their 

charge, creating a potential difference on different parts of the device that can be used to 

stimulate cells and tissues similarly to wired electrodes described above.

Depending on the material, photoexcitation can inject capacitive current, Faradaic current, or 

a combination thereof into the biointerface (Fig. 3). These processes in freestanding 

structures can be understood within a framework analogous to that of the wired electrode. 

However, semiconductors are highly sensitive to their environment through the alteration of 

their surfaces’ electronic structure. Photostimulation and other physical behaviors at the 

interfaces can be predicted both qualitatively and quantitatively using the concept of band 

bending. Band bending in semiconductor describes the alteration in native electronic 

structure due to the material environment, surface modification,80 or the material size and 

dimensionality.81 Semiconductor physics and electronic processes underlaying their 

photoactivity require a more thorough discussion, for which we redirect readers to literature 

specific to semiconductors.32, 38

2.3.4 Photothermal modulation processes—The photothermal effect arises from 

radiationless energy transfers in photoexcited materials. That is, the emitted energy 

translates into the kinetic energy of the material or its surroundings, and the temperature 

increases. In practice, this means that the best candidates for photothermal modulation 

primary respond to excitation with the generation of phonons or plasmons. In crystalline 

materials, nonradiative recombination can produce quantized oscillations in the bulk 

material, known as phonons, which are responsible for photothermal heating in those 

structures.82 For certain metallic nanomaterials, such as noble metal nanoparticles and 

carbon nanostructures, light absorption results in oscillations of associated free electrons on 

the material surface. These oscillations are referred to as surface plasmons, and their 

production can convert almost all incoming light energy to heat.83, 84 Continuous-wave 

irradiation of plasmonic materials can therefore create strong temperature gradients (Fig. 3).
64

Transduction of thermal signals is another vital aspect of biophysics, yet it has not been 

studied as extensively as electrical signals. Cell physiology, especially the catabolic process 

responsible for energy generation, generates multiple intracellular and extracellular thermal 

gradients.85 Such signals can trigger proliferation and affect other cellular metabolic 

pathways. It can be deduced from the GHK equation (Eq. 1) that temperature affects 

membrane potential, and its increase will make it more sensitive to stimulations. 

Additionally, multiple ion channels have been discovered to be especially receptive to 
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temperature gradients such as thermosensitive potassium channel TREK-1.64 For thermal 

sensing, purely resistive microelectromechanical devices as well as a range of nanostructures 

have proven effective. Quantum dots, upconverting nanoparticles, and metal cluster were all 

applied to create remote luminescent thermometers.86

A closely related phenomenon can be observed when instead of steady irradiation, high-

power pulsed lasers are used to illuminate plasmonic nanostructures. A sudden release of 

energy causes evaporation of solvents around the material surface, forming gas nanocavities 

which, upon collapsing, release ultrasonic waves traveling through the medium. This 

phenomenon is referred to in the literature as a photoacoustic effect.65, 68, 87 Although the 

mechanism of the generation of photoacoustic waves is not fully understood it allowed the 

development of a variety of imaging and stimulation methods.88, 89 Recently, the 

photoacoustic effect was used to facilitate entry of recording electrodes into the cells through 

the local optoporation mechanism in a similar manner to the classical electroporation (Fig. 

3), but providing superior process control and cell viability.90 However, potential 

applications of the photoacoustic effect in bioelectronics remain largely unexplored.

2.3.5 Transistor-based sensing processes—Transistors are some of the most 

important elements in nearly all modern electronics and bioelectronics. In particular, field-

effect transistors (FETs, Fig. 3) are widely used as they have been extensively studied due to 

their importance in the operation of integrated circuits. In the regular planar configuration, a 

semiconductor substrate is connected to a source (S), drain (D), and gate (G) electrodes. The 

gate electrode is separated from the substrate using a dielectric insulator. When a voltage 

potential is applied between the source and drain electrodes, the current will flow through 

the semiconductor channel. The current through the semiconductor will be proportional to 

the potential applied to the gate. Depending on the doping of the semiconductor substrate, a 

transistor can operate in enhancement or depletion mode. For an ideal transistor in 

enhancement mode, no current flow will occur at gate potential below the specific threshold 

and beyond the threshold potential, current will rise linearly until saturation current is 

reached. The behavior is reversed in a depletion mode transistor. The ratio of current change 

to the applied potential in a transistor is defined as transconductance gm and can be a direct 

measure of its sensitivity.

The external connection to the gate is typically omitted for bioelectronic sensing 

applications, as the gate potential variation is generated directly by the dynamic processes 

from charged species or cells. Notably, for FET-based detection of binding of unbinding of 

charged species (such as protein marker), the sensitivity is limited to the characteristic 

Debye screening length:

λD = 1
4πlB∑iρizi2

Equation (5)

Where lb is the Bjerrum length, Σi is the sum of present ion species with concentrations ρi 

and valence zi. The Debye screening length can be used to approximate sensitivity range and 

is on the order of <1 nm in concentrated electrolytes.38 Specificity and sensitivity of FETs in 
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bioelectronic situations can be improved by using surface modifications with biomolecules 

capable of molecular recognition.91 The advantage of FET devices over metal-based 

capacitive and faradaic electrodes is that device current flows in a closed-circuit, so that the 

potential issues with the electrode impedance, electrode corrosion or biological invasiveness 

can be minimized. This also allows FET devices to achieve faster response times92 and 

lower SNR93 when compared to single terminal electrodes.

The second type of transistor – electrolyte gated transistor – has gained increased popularity 

in bioelectronics over the recent years due to its high transconductance, biocompatibility, 

and processing versatility. In this configuration, the semiconducting substrate and gate are 

replaced with porous structures which can be interpenetrated by ions increasing or 

decreasing current flow through the channel. The most popular materials for gating channels 

are made of organic conductors and semiconductors forming a class of organic 

electrochemical transistors (OECTs, Fig. 3). Transconductance in OECTs can be described 

using Bernards model94, 95 and the equation:

gm = W
L dμC∗(V tℎ − V G) Equation (6)

which accounts for channel geometry: width W, length L, and thickness d; charge carrier 

mobility μ; capacitance per unit volume of a channel C*; gate voltage VG and specific 

threshold voltage Vth. Capacitance in organic materials can be widely tuned; therefore, 

characteristic of OECTs is their exceptionally high transconductance.96 OECTs can be used 

for ion-selective sensing with the introduction of proper membranes.97 A closely related 

topic to OECTs is a class of hydrogel-based devices called organic electronic ion pumps 

(OEIPs) which can be used for ion delivery98–100 and as drug delivery platforms.3, 95, 101 

For a detailed discussion on OECTs and OEIPs we direct the readers to recent reviews 

focusing on these subjects.102, 103

2.3.6 Stimulation with molecular and optical signals—Biological systems utilize 

a range of small molecules and peptides for intracellular or organism-wide signaling. 

Bioelectronic devices can be used to deliver signaling molecules and pharmaceuticals 

directly into tissue, increasing their availability and potency.104 Microfluidic channels 

present one promising approach to this application. The drawback of this approach is that it 

requires the integration of secondary elements, such as pressure sources, to function 

properly. Although some micropumps with low power consumption have been devised,
105, 106 there is still much progress to be made in this area. An alternative approach is to 

design materials that can dispense drugs from inside their structure on-demand such as the 

aforementioned OEIPs. However, volumetric materials have limited cargo capacity, and 

molecules are usually delivered through diffusion and positive pressure, which lowers 

delivery speed and efficiency.

Apart from some small organisms, most cells and tissues cannot be directly stimulated using 

light. Two approaches exist to make ordinary cells susceptible to optical signals: 

optogenetics and optopharmacology. Optogenetics relies on genetic modification of target 

cells to display specially engineered optically responsive ion channels,107 while 
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optopharmacology relies on delivery of photoresponsive drugs which, while inactive in their 

native form, can be distributed evenly among cells and will become active only upon 

illumination.108 Both of these approaches, which are discussed further in section 7.2.2, allow 

for local optical modulation of cellular activity. Delivery of light to the stimulation location 

can be accomplished using waveguides or microlight sources such as upconverting 

materials, or micro-LEDs.109 Efficiency of light delivery can be calculated using the 

equation:

I = PS ⋅ ηcoupling ⋅ ηscattering ⋅ Φgeometry Equation (7)

where Ps is the output power of the source, η factors are coupling and scattering efficiency, 

and Φ is the geometric factor of the light interface.110 The design of materials that can be 

used as waveguides focuses on maximizing coupling and scattering efficiency. Furthermore, 

for microlight sources, increasing the light power output without excess resistive heating is a 

challenge. Additionally, geometric factors can be taken to account, and directional light 

sources can be devised that focus their emission on the limited angular range and allow for 

efficient and highly localized stimulation. Because those optical systems require genetic 

modification or drug delivery for their functioning it is common to integrate them into single 

optofluidic system.111

2.3.7 Transduction of mechanical signals—Nearly all biological systems have been 

observed to be sensitive to mechanical stimulation. Mechanical stimuli can be transduced 

through surface receptors and mechanosensitive ion channels or else directly detected by the 

cytoskeleton.112 Mechanotransduction is an important mechanism that can be used for 

bioelectronics since it can greatly influence cell functions and their ultimate fate.113 For 

example, mechanical obstacles or stimulation can significantly impair growth and 

myelination of oligodendrocytes.114 Historically, studies have focused on the impact of bulk 

mechanical properties of extracellular matrix, namely its stiffness. More recently, the effects 

of the presence of static curvature115 have also drawn interest. Materials with gradients of 

mechanostatic interactions, tuneable stiffness, and active curvature actuation on the 

nanoscale are highly sought after.

2.4 Mechanical match and mismatch

Biology sets several constraints on the design of bioelectronics, which makes integrating 

biological and artificial systems especially challenging. One of the most important 

considerations is the mechanical matching across the interface. The most widely used metric 

of stiffness is the Young’s modulus, which relates the stress and strain of a linearly elastic 

material. While cells themselves are in fact viscoelastic, and thus excluded from this 

definition, the most useful devices for biointerfaces with soft biological tissues have Young’s 

moduli in the range of 0.1 – 50 kPa, with neural tissue and skeletal muscle targets on the 

lower and upper end, respectively.116 In contrast, most of the substrates used in traditional 

electronic devices have Young’s moduli in the range of 100 MPa to 10 GPa. It has been 

shown that mechanical mismatch can lead to rejection of the interface by causing an 

inflammatory response in tissues17, 117 or merely being a nuisance for an organism and 

limiting its motoric activities.118 Other reports show that material stiffness affects the 
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complex behavior of surrounding cells such as differentiation and adhesion.116 As has been 

discussed in recent specialized reviews on this issue,17, 22 this knowledge is of critical 

importance to the realization of neural interfaces for computer-brain communication119 and 

deep brain stimulation for the restoration of motor functions.120 The brain is highly reactive, 

and even slight insertion trauma caused by stiffness mismatch between the tissue and the 

probe can cause activation of microglia and macrophages.17 In effect, this acute 

inflammation can turn into chronic inflammation, which will cause degradation of the 

interface or the device itself. Rejection of the implant or loss of its integrity renders the 

device inoperative and would require extraction, treatment of damages, and reinsertion of 

new probes, complicating the treatment and significantly increasing side-effects. It is 

therefore critical to achieve mechanical matching in order to form stable biointerfaces.

Multiple solutions for improving mechanical matching have been devised with the most 

straightforward solution being reduction of dimensionality of materials and reduction of the 

size of their constituents to the microscale and nanoscale.121 This approach allows for a 

lower bending stiffness and to realize flexible and stretchable biointerfaces with classic 

electronic materials such as silicon (Si) and gold (Au).122 While mechanical properties are 

improved, such materials are still far more rigid than biological tissues and may compromise 

the stability of a biointerface. The search for materials with intrinsically matching 

mechanical properties has arrived at organic conductors and semiconductors as suitable 

candidates, with the highest promise coming from their hydrogel formulations thanks to 

their high water content, which allows for transfer of ions and dissolved gases. However, 

significant efforts are still needed to improve the electronic and optoelectronic functions in 

these organic materials.

Another critical aspect of mechanical matching is planning for the geometry of the interface. 

Biological materials generally have rough surfaces which leave a gap when put against flat 

materials, such as thin inorganic layers. Intrinsically rough materials such as nanostructures 

and carbon-based materials tend to perform better in this area.123 When possible, 

biocompatible adhesives could be employed to fill the gap.124

An alternative approach is to use hard-soft composites, which may ultimately solve the 

compromise between the electronic/optoelectronic functions and the mechanical properties 

needed for future biointerfaces. The hard-soft composites contain hard materials, which bear 

some useful functionality, and soft matrix materials that can act both to improve the 

mechanical match and to potentially offer some biological functionality themselves. This 

allows for a wide variety of hard materials, which include materials such as Si and noble 

metals that are already ubiquitous in electronics, to be incorporated into biological tissues 

while attenuating the immune response. By carefully tailoring soft carrier materials to 

desired applications, hard-soft composites can be employed to in vitro cultures, on the skin 

of test subjects, or even implanted into organisms.

2.5 Reactivity of the materials

Biointerfaces are formed in environments that inherently can be volatile and difficult to 

design and control for. Cells and tissues present on the materials possess a wide range of pH 

values, varying concentration of ions, and a spectrum of molecules and biomolecules – most 
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of them chemically active. For achieving chemically stable and electrically functional 

devices over a desired time frame, it is important to keep in mind the chemical processes that 

it undergoes during its operation. Depending on the application, this can be undesired or 

desired. Careful investigation of chemical properties of the material allows for proper tuning 

of its stability.

2.5.1 Reactivity of the components—Bioelectronic components might be either 

unintentionally or intentionally reactive. Unintentional reactivity leads mostly to 

deterioration of the materials causing it to lose performance over time due to mechanical 

damage, chemical disintegration, or loss of electrical or electrochemical properties. 

Constituents released into the environment might also in turn react with biological 

structures. Unintentional reactivity can be minimized with the use of materials that are inert 

to their environment or chemical passivation of their surfaces. Some materials, such as 

faradaic electrodes, require chemical reactions to perform their functions. Such materials 

will unavoidably interact chemically with the environment. This must be taken into account 

when designing the system. In this case, utilizing reversible redox reactions can substantially 

increase the lifetime of the interface. Other intentionally reactive materials are ones that 

undergo controlled disintegration and can be used for the applications in transient electronics 

– devices which do not require extraction as they safely decompose in biological conditions. 

Finally, reactive materials can be used to adapt to their environment or have self-healing 

properties. Achieving these properties requires careful study of chemistries present in the 

environment and the device alike.

2.5.2 Consequences of reactivity—Reactive components will inevitably interact with 

their environment. Almost all devices undergo some deterioration and releases in a small 

number of their constituents, but for some transient applications in modulation or sensing, 

e.g., intermediate heart pacing or drug delivery, long term stability might be undesired. An 

ideal device could be implanted and, after fulfilling its duty, decompose and be safely 

metabolized by an organism.125 This approach would make a follow-up surgical extraction 

of the device unnecessary. For both cases it is important to ensure that the release of the 

material or its constituents into the system will not impair the development of cells and 

tissues or alter the cellular process in a harmful way.126, 127

Important classes of reactive materials are those capable of self-repair and self-healing. 

Inspired by biological systems, these materials are able to self-regenerate from mechanical 

and chemical damages and regain their original properties.115 Self-healing properties arise 

from the insightful engineering of the chemical interactions present in the structure of 

materials. They can be realized using either reversible reactions or through the 

implementation of mechanisms or catalysts that can be activated by damages to help the 

material recover its integrity.39 In turn, these can be engineered using independent 

chemistries or processes working in concert with the biological environment. Self-healing 

properties are essential for conductive materials, which require constant electrical continuity 

for their uninterrupted operation. It is expected that the long-term integration of 

bioelectronics will require some type of regeneration ability in such materials.
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3. Inorganic semiconductor-based bioelectronics

3.1 Si-based bioelectronics

Inorganic semiconductors are widely utilized in electronic and photonic bio-interface 

research. They are essential for the design of high performance devices with desirable 

applications such as electronic sensing, signal amplification and transduction.22, 38 In 

particular, semiconducting Si has attracted researchers’ interest due to its biocompatibility 

and well-developed microfabrication methods.38 Si exhibits high charge carrier mobilities 

(electron mobility ~1300 cm2⋅V−1⋅s−1; holes mobility ~400 cm2⋅V−1⋅s−1 at 300K), leading 

to rapid responses and good sensitivity for the device performances. This property enables 

accurate probing of complex biological dynamics128 with bioelectronic devices. The well-

established and precisely-controlled synthesis of Si makes it easy to fabricate various 

architectures from nano- to macroscopic scale. Such multiscale material control matches 

well with the multi-scale application for different biological components and enables 

integration with various biological systems.38 More specifically, one-dimensional (1D) Si 

nanostructures, exhibiting improved mechanical flexibility and increased carrier 

transportation capacity, can be delivered into neural cultures or tissues in a drug-like manner 

with high spatial resolution.22, 129, 130 In this section, we review and discuss several 

chemistry aspects of Si-based biointegrated systems, including the synthetic chemistry of Si 

nanostructures, chemical and biochemical sensing by Si-based transistors, 

photoelectrochemistry and electrochemistry of Si materials, surface chemistry for 

biocompatibility and specific targeting, and chemical etching and degradation.

3.1.1 Overview of synthesis methods for Si-based structures—Chemical 

vapour deposition (CVD) is a commonly used strategy to produce Si-based materials.131 In a 

CVD system, Si nanowires (SiNWs) are typically synthesized through the vapor–liquid–

solid (VLS) growth mechanism.38 Metal catalysts, e.g., Au, Pt or copper (Cu), act as 

energetically preferential sites for the absorption and decomposition of gas-phase Si 

precursors (e.g., silane (SiH4), disilane (Si2H6), or silicon tetrachloride (SiCl4)), when 

operated above the eutectic temperatures. The continuously fed gas reactants establish 

supersaturated metal/Si alloy droplets, followed by the nucleation and precipitation of 

SiNWs. Besides producing nanowires, CVD is also useful in the scaleable synthesis of a 

variety of other nanostructures, such as 0D nanoparticles, 2D multilayered membranes,38 

and 3D mesoporous structures.67 In particular, the Si mesoporous structures were 

synthesized from a nano-casting method by using mesoporous silica (e.g., SBA-15) as a 

template, in which SiH4 was decomposed inside the mesopores in a CVD system. Precision 

Si synthesis in a CVD system is important since the doping profile, morphology, and crystal 

structure can determine their physical properties and the corresponding bioelectronic 

applications.38

Besides the conventional vacuum processes and vapour-phase deposition method, Si 

structures can also be synthesized by solution processes.132 For example, hydrogenated 

polysilanes are feasible liquid Si precursors, as they show excellent solubility in organic 

solvents.132 In a nitrogen atmosphere, through a photo-polymerization process under UV 

light and a heat treatment, polycrystalline Si can be obtained from the polysilane precursor. 
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As scaleable fabrication methods such as spin-coating or ink-jetting can be used, poly-Si 

films with large area and high electron mobilities (e.g., 108 cm2⋅V−1⋅s−1) have been 

produced.132 Crystallized Si can also be obtained at high temperature (>745 °C) in a molten 

salt system. For example, SiO2 nanoparticles were used as the precursor to produce Si in a 

CaCl2 molten salt (850 °C) system.133

Chemical etching methods are also commonly used for the synthesis of Si-based materials.
134, 135 In a hydrofluoric acid/hydrogen peroxide (HF/H2O2) solution, Si can be selectively 

removed by a metal-assisted chemical etching (MACE) process, where noble metals serve as 

catalytic sites for directional etching.135 MACE has produced various morphologies, such as 

nano- or microwires,136 needles,137, 138 thin films,139, 140 and other structures.141, 142 In a 

recent example, it was found that even atomic Au can trigger the MACE process, producing 

SiNWs with massively parallel 3D grooves on their sidewalls. The groove spacing can be as 

small as ~5 nm, and the starting atomic Au patterns were likely generated by a ‘stick-slip’-

like droplet instability during the VLS growth (Fig. 4a).143

Many other chemical etching methods, such as KOH etching or defect selective etching 

using solutions such as K2Cr2O7/HF or CrO3/HF, are also efficient routes for the fabrication 

of Si nanostructures.144–150 For example, anisotropic SiNW spicules were synthesized by 

wet chemical etching of p-doped SiNWs in KOH solutions (Fig. 4b), using atomic Au 

diffusion–induced patterns as the etch mask.144 An ENGRAVE (Encoded Nanowire Growth 

and Appearance through VLS and Etching) strategy was also developed to control the 

etching rate of Si in KOH using variable dopant concentrations.145–147 Specialized features 

ranging between 10 nm to 700 nm in length have been successfully encoded along the 

SiNWs.145–147

Finally, electrochemical etching allows for the synthesis of nanoporous Si films and particles 

from single-crystal Si substrates.139 The loose porous structures in electrochemically etched 

Si substantially reduced the Young’s modulus,67, 137 which is beneficial for establishing 

minimally invasive biointerfaces.

3.1.2 Degradation of Si-based structures—The physical and chemical properties of 

Si-based electronics are known to be very stable at dry states. But for bioelectronic 

applications, the degradation of Si at biointerfaces needs to be carefully considered in wet 

environments.151 Si reacts with water via hydrolysis to form silicic acid Si(OH)4: Si + 4H2O 

→ Si(OH)4 + 2H2, where the Si(OH)4 departs the Si surface through diffusion. Silicon 

dioxide (SiO2) may also form as an intermediate.134 Several parameters play important roles 

in the degradation, including surface chemistry, dopants, pH, ion concentration and 

temperature.128, 152–155 Understanding the chemical processes of Si degradation has already 

opened a new way toward safer biomedical applications, e.g., in vivo implants based on 

transient electronics.125, 134, 156–159

Ultrathin single crystalline Si nanomembranes (SiNMs) are the main constituent in several 

well-performing, transient electronic systems. For example, Hwang et al. developed a 

transient integrated circuit by using degradable materials such as magnesium (Mg), 

MgO/SiO2, Si, and silk for parts like inductors, capacitors, and transistors (Fig. 5a).134 Si 
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nanomembranes of 70 nm thickness were dissolved via hydrolysis with speeds of 4.5 

nm/day and 2 nm/day under physiological temperatures (37°C) and room temperature 

(25°C), respectively. Magnesium coils, Si Joule heating elements, and silk substrates and 

packages conferred transient thermal protection against infection, as increased local 

temperature suppressed bacterial growth as well as eased pain. Similarly, Bai et al. 
developed injectable bioresorbable devices that can be naturally resorbed or undergo 

clearance from the body after an operational lifetime (Fig. 5b).160 This bioresorbable device 

can be successfully used for continuous checking of the cerebral microenvironment (i.e., 
temperature changes, oxygenation and neural activity) in freely moving mice. More recently, 

Shin et al. developed SiNM-based bioresorbable optical pressure sensors that depend on 

pressure-induced deflections of SiNM diaphragms (Fig. 5c).157 The potential of using this 

material, which is also compatible with magnetic resonance imaging (MRI), for clinical 

applications is very promising based on in vitro studies, histopathological evaluations, and 

acute measurements of intracranial pressure (ICP) and temperature (ICT).

For long-term applications of Si-based bioelectronics,161, 162 degradation needs to be 

minimized. One technique for accomplishing this employs a thermal oxide thin layer 

directly grown on the surface, which can prevent biodegradation in phosphate-buffered 

saline solution.163 Several efficient passivation coating materials also work well to inhibit Si 

degradations, including stable Al2O3,162 TiO2,164 and SrTiO3.165 As demonstrated by Hu et 
al., atomic layer deposition (ALD) of TiO2 layer (4 to 143 nm thick) significantly improves 

the stability of Si photoanodes under basic water oxidation conditions.161 More generally, 

TiO2 stabilizes many semiconductors during oxidative photochemical processes by 

engineering the band structures and the defect states.

3.1.3 Chemistry for optical functionalities at the Si biointerfaces—Among the 

many useful functions of Si semiconductors, their ability to convert light into electric current 

is one of the most important uses. After Si semiconductors absorb light, the photonic energy 

can be transferred into electronic energy. When Si-based materials are used in cell cultures 

or as implants, they are usually surrounded by biological fluids, forming semiconductor/

saline interfaces. With light, this can yield transient, photocapacitive modulation of cells or 

tissues (Fig. 3), or longer-lasting photofaradic reactions (Fig. 3) where the electrons and 

holes participate in cathodic and anodic reactions, respectively.

Palanker et al. developed a series of photovoltaic retinal implants, where the high-pixel-

density devices provide local modulation of rat retinal neurons for potential restoration of 

vision.166–168 In order to enhance photostimulation by nano-bioelectronic devices, the 

photovoltaic or photoelectrochemical effect must be maximized. Parameswaran et al. found 

that dopant modulation and surface chemistry of the Si nanostructures could enhance their 

performance as neuromodulators (Fig. 6a).129 They used coaxial p-type/intrinsic/n-type (p-i-

n) SiNWs, each consisting of a p-doped core nanowire, an interlayer of intrinsic Si, and a n-

doped shell, to modulate primary rat dorsal root ganglion (DRG) neurons through 

photoelectrochemical processes. Experiments also showed that diffused atomic Au on the 

SiNW sidewalls could significantly enhance the generation of photoelectrochemical 

currents, and thus the neuromodulation efficacy (Fig. 6b).129 A similar conclusion was 

found in another study conducted by Jiang et al., which studied 2D p-i-n Si membranes with 
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noble metal nanoparticles (e.g., Au, Ag and Pt) decorated on their surfaces by means of an 

electroless deposition method.38 They found that metal-decorated p-i-n membranes 

enhanced photoelectrochemical current generation by at least an order of magnitude. This 

successfully yielded photo stimulation of the brain cortex and behavior control (Fig. 6c).38 

Si photovoltaic devices can also play a key role in ultrasensitive detection of biometric 

signals. Yokota et al. recently reported the fabrication of a conformable imager derived from 

low-temperature polycrystalline Si (LTPS) thin-film transistor (TFT), which can read out 

small photocurrents of less than 10 pA with low noise.169 The TFT readout circuits are 

designed by Si oxide film (SiO), Si nitride film (SiN), and amorphous Si film (a-Si) that was 

transferred from polycrystalline Si through excimer laser annealing. Combined with 

sensitive organic detectors, the imager can detect and calibrate the displacement of the 

device electronically on the basis of fingerprint or vein feature points.

Electric energy generated from light radiation on Si can also be converted into heat, in a 

process known as the photothermal effect as described in section 2.3.4 (Fig. 3). The local 

temperature increase induced by light can be exploited to activate biological responses. This 

is a promising avenue for Si-based photostimulation. Researchers have developed strategies 

to enhance this Si photothermal effect. Jiang et al, developed mesoporous Si microparticles 

with a nano-casting method (Fig. 6d).67 The replica Si from hexagonal mesoporous silica 

SBA-15 display open-framework and porosity. The microparticles have an improved 

photothermal effect, as the porosity reduces the thermal conductivity and heat capacity but 

enhanced the light absorption. This mesoporous Si can modulate action potential (AP) firing 

and deterministic neuronal responses up to ~15 Hz through an optocapacitance mechanism.
67

3.1.4 Chemistry for electrical functionalities at the Si biointerfaces—One of 

the most common applications for semiconductor-based bioelectronics is sensing 

bioelectrical signals. While patch-clamp electrodes have been developed enough that they 

can sense localized electrical signals from single ion channels, the electrodes are invasive 

and the biointerface is brief. With a smaller dimensionality, SiNW-based nano-

bioelectronics43, 170–172 have been developed for intracellular recordings.43 The chemical 

designs of the SiNWs play a key role in facilitating the intracellular entrance. For example, 

the first nanoscale FETs (nanoFETs) used for intracellular electrical recording involved the 

CVD synthesis of kinked nanowires with dopant modulation. The kinked SiNWs with two 

cis-linked kinks of an overall ~60° angle of the bent junction were achieved by repeated 

pressure modulations (Fig. 7a–c).43 The nano-sized FET region was established by inserting 

a lightly doped region (~200 nm) in heavily doped n-type nanowire backbone (Fig. 7a). Such 

doping control enables a localized FET region for sensitive intracellular recording. 43

Atomically sharp nickel silicide interfaces derived from solid-state reactions on Si nanowires 

yielded short-channel nanoFET devices.173 Using this method, Zhao et al. realized a 

scaleable fabrication of highly sensitive nano-bioelectronics (Fig. 7d and e) through 

deterministic shape-controlled nanowire assembly.174, 175 These devices were able to record 

the full amplitude APs from primary neurons and other electrogenic cells in a multiplexed 

layout.
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Additionally, the Rogers group has developed a series of works about the thermal growth of 

SiO2 layers over Si nanomembranes. This oxide design not only enabled the electrical 

coupling of devices to tissues, but also served as an encapsulating material against the 

penetration of biofluids. These bioelectronic devices showed safe and long-term 

applicability, including epicardial mapping of ex vivo hearts and electrical stimulation.
176–178

Lastly, molecular functionalization of silicon surfaces has been widely applied to improve 

the electrical performance of silicon substrates in biosensing applications and memory 

devices.179 H-terminated silicon surface can be directly or indirectly coupled with 

electrically active moieties via oxide-free functionalization. Such moieties include but are 

not limited to ferrocene,180–182 quinones,183 metal-complexed porphyrins,184 

tetrathiafulvalene (TTF),185, 186 and fullerene (C60).187, 188 Additionally, Bunimovich et al. 

reported FET-based biosensors with oxide-free Si–C layers that showed exceptional 

sensitivity (< 0.1×10−9 M) in DNA detection,189 where single-stranded DNA was 

electrostatically adsorbed. Changes of molecular length, packing density, and coverage in 

surface terminating groups can largely influence insulating properties and capacitance 

performance.180, 190–192

3.1.5 Chemistry for tight integration at Si biointerfaces—Overall, molecules with 

a variety of terminal groups can be anchored directly onto silicon surfaces via covalent 

bonds, e.g., silicon-carbon, silicon-nitrogen, and silicon-oxygen bonds. The resultant 

properties strongly depend on the surface molecular layer formation processes, which 

include carbonization, oxidation, hydrolytic condensation, thermal dehydrocoupling, and 

ring-opening click chemistry.193, 194 The functionalized surface monolayer further serves to 

provide linkages that are useful for attachment of native bioderivatives (e.g., peptide 

motifs195, 196 and proteins197–200) and synthetic nanomaterials.201 When immobilized on the 

silicon surfaces, these species can effectively improve cell-silicon interactions or biosensing 

abilities.89, 202

Si surface chemistry plays an important role in the interaction between Si-based materials 

and biological targets. For example, surface modifications of Si substrates with polylysine 

can be used for deterministic patterning of Si/neurite interfaces.203 Surface modification can 

also enable controlled cellular internalization of SiNWs. Zhang et al. reported strong 

interactions between SiNWs modified with folate and CHO-β cells, and uptake of the 

modified SiNWs by the cells.204 Surface coating of SiNWs has also facilitated intracellular 

recording. The Lieber group has reported several cases which showed that surface 

modification of SiNW-based nanoFET probes with a phospholipid bilayer can promote 

intracellular entrance for the device through a possible membrane fusion process.42, 43, 175

Surface geometry modification can also help establish close biological integration. For 

example, through Au diffusion in SiNW growth and subsequent wet-chemical etching, Luo 

et al. reported the synthesis of anisotropic Si spicules (Fig. 4b). With a spiky sidewall, the 

spicules established very strong mechanical interactions with extracellular matrix materials, 

such as a collagen hydrogel144. Similar structural features may be adopted for future 

implantable material design and implementation.
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3.2 Other inorganic semiconductor-based materials

Besides Si, inorganic semiconductors such as ZnS nanoparticles, TiO2 nanotubes, MoS2 

nanosheets, and many other metal oxides and metal sulfides have also been widely used in 

bioelectronics or bioelectrical studies. Their stability, diverse band gaps, and broad range of 

nanostructures make them good candidates for chemical and biological sensing, in vitro or 

in vivo labeling, and energy transduction at biointerfaces.205–208

3.2.1 General synthesis methods—Here we discuss a number of methods for 

synthesizing semiconductors that are tailored to fit the eventual biological question or 

application for the materials. The four processes we focus on are gas phase, solution phase 

colloidal, electrodeposition/molten salt-enabled, and bioinspired mineralization syntheses. 

These techniques allow for a vast array of possible compositions and device geometries, 

depending on the specific needs of the biointerface with respect to parameters such as band 

gap, size, and toxicity. For instance, interfaces intended to be used with 

photoelectrochemical modulation work best with bandgaps in the visible light range.

a) Gas phase synthesis: Conventional epitaxial growth methods of semiconductor thin 

films include molecular beam epitaxy (MBE), pulsed laser deposition (PLD), and CVD.209 

The MBE method could precisely control the growth process at the atomic level. However, 

ultrahigh-vacuum (<10−10 torr) conditions are required. PLD requires a low-pressure system 

in the presence of precursor gases such as O2, N2 and H2 and is good at creating artificially 

layered oxides for fabrication of oxide electronic and magnetic materials. CVD and metal-

organic chemical vapour deposition (MOCVD) are most commonly used methods for 

semiconductor thin film epitaxial growth. Various kinds of semiconductor thin films, such as 

MoS2,210 WS2,211 WSe2,212 SiGe,213 GaAs,214 InGaP,215 and GaN216 have been 

synthesized from the CVD or MOCVD methods.123, 205, 217 Semiconductor thin films with 

single-atom thickness and unique electronic band structures provide key advantages in 

developing novel electronic and photonic devices.218 Compared with other synthesis 

methods, the precise control over chemical composition, the high-quality crystalline nature, 

and the low defect level of semiconductor thin films ensure excellent electrical and optical 

properties across the entire materials.208 Additionally, CVD and MOCVD syntheses can 

produce bulky chips and circuits for future large-scale bioelectronic applications.

b) Solution phase colloidal synthesis: There are a variety of solution-based methods 

available, including sol–gel process, co-precipitation, thermal decomposition, and 

hydrothermal method. The sol–gel process, i.e., hydrolysis and polycondensation of metal 

alkoxide (or halide)-based precursors, has been applied to synthesize nanocrystalline or 

amorphous semiconductors. For making nanocrystals with a narrow size distribution, co-

precipitation is widely used, as its lack of extra calcination and post-annealing steps make it 

more convenient. Polyvinylpyrrolidone (PVP), polyethylenimine (PEI), and other capping 

molecules have been used for tailoring the particle nucleation and growth kinetics and for 

stabilizing nanocrystals. Solution-phase methods provide a variety of synthetic combinations 

for different structural and compositional features. Furthermore, dopants enable tuneable 

electronic and photonic properties to meet desired specific requirements at biointerfaces.219
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c) Electrodeposition/molten salt method: GaAs, GaP, InP, and GaInP2, can also be 

synthesized using electrodeposition in plating solutions.220 For example, GaAs can be co-

deposited by Ga(III) and As(III) oxides (e.g., H3AsO3, HAsO3
2−) through high temperature 

reduction and sequential room temperature aqueous solution deposition. Because the as-

deposited semiconductors are usually amorphous or poorly crystallized, further annealing 

processes are frequently required. Electrodeposition of GaP or InP is usually completed by 

melting eutectics, e.g., NaF/NaPO3/Ga2O3 or In2O3/NaPO3/KPO3/NaF/KF salts at about 

600-900 °C. Alternately, a two-step method involving cathodic electrodeposition of In, 

followed by post-deposition phosphorization with red phosphorus also resulted in the 

synthesis of InP.

d) Bioinspired mineralization processes: Ion exchange methods developed by Holtus et 
al. have demonstrated the successful transformation of carbonate minerals into perovskite 

semiconductors.221 This method can be used to produce 3D structures with tuneable 

bandgaps, without significant changes to the overall morphology of the material. This raises 

the possibility of combinatorial investigations into biointerface formation, where the 

material structure remains consistent, but the electrical parameters of the material vary.

3.2.2 Quantum dots-based bioelectrical studies—The photoluminescence of 

semiconductor materials, especially for quantum dots, has been widely used for cell and 

tissue imaging.154, 222 They are used to track organelle or cell dynamics upon electrical 

modulation or for correlative bioelectronic sensing and imaging. Quantum dots have been 

demonstrated to be nanosized tools which can efficiently record subthreshold and 

suprathreshold events. In particular, detecting bioelectrical events in the space between two 

lipid layers of the cell membrane (Fig. 3) has been proposed and demonstrated preliminarily,
223–225 which is challenging for electrode recording methods. By coupling quantum dots 

with other molecular systems, bioelectrical sensing in neural membranes can also be 

conducted. For example, Nag et al. reported using CdSe/CdS/ZnS QD for electric field-

sensitive charge transfer and for mapping membrane potential in living cells (Fig. 8).225 

They designed a QD (electron donor) – peptide/fullerene (electron acceptor) bioconjugated 

system, where hydrophilic QDs were localized at exofacial leaflets of the plasma membrane 

while multiple copies of hydrophobic peptide–C60 fullerenes self-assembled within the lipid 

bilayer.225 Upon membrane depolarization, electrons transfer with enhanced basal rate from 

the photoexcited QD donor to the fullerene acceptor, giving rise to further quenching of 

QD/PL. The fluorescence response of this integrated bioelectrical probe exhibits comparable 

temporal responsiveness, but with 20- to 40-fold greater normalized change in fluorescence 

values than those reported for voltage-sensitive dyes.

Moreover, the nanoscale sizes of QDs have enabled light-triggered redox reactivity in the 

cytosolic space from the subcellular biointerfaces. This has produced light-harvesting 

bacteria and yeast cells for energy-efficient biofuel or fine chemical production, a new 

approach in synthetic biology and biomanufacturing.226–230

Finally, the emission from QDs can be used for optogenetics stimulation. A notable example 

is a recent demonstration of using ZnS-based mechanoluminescent QDs for ultrasound-

triggered optogenetics231. The photoexcited QDs were injected into the blood circulation 
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and can be recharged by 400 nm light at the superficial vessel location. The QDs emit light 

on-demand by applying a focused ultrasound through intact scalp and skull. This 

demonstration opens up a new avenue for future in vivo bioelectrical studies with QDs.

3.2.3 2D-semiconductors bioelectronics—2D semiconductors such as MoS2
226–229, 

just a few nanometres in thickness, are good candidates for soft bioelectronics.232 The band 

gap of monolayer MoS2 is 1.8 eV and 1.2 eV for the bulk.233 MoS2-based FET devices have 

a high on/off ratio,205, 234 together with high surface-to-volume ratio, which makes them 

highly suitable for bioelectronic sensing.123, 213 Sarkar et al. reported a MoS2-based FET 

sensor that can detect streptavidin at ultralow concentrations, about 100 fM.232 Additionally, 

the flexibility and the piezoresistivity of MoS2
235 have enable the fabrication of a skin-like 

tactile sensor array, as reported by Park et al.236 This MoS2-based conformal tactile sensor 

can be placed over uncommon surfaces such as leather and a human fingertip. The device 

showed sensitive and robust behaviors and linear responses even after 10,000 loading cycles.

2D semiconductors also possess advantages for optoelectronic applications due to their 

excellent absorption in the visible range and the capability to generate photocurrent. For 

example, Choi et al. reported the design of a human eye-inspired, hemispheric image sensor 

with high array density, which was fabricated from a MoS2-graphene heterostructure.237 

These soft implantable bioelectronics act as retinal prosthetics and can successfully 

stimulate optic neuronal cells of a rat under external optical irradiation. Furthermore, MoS2 

demonstrates high rates of electron-hole pair generation in response to illumination. Liu et 
al. reported that the reactive oxygen species (ROS) generated from the photocatalysis effect 

of few-layered vertically aligned MoS2 achieved E. coli disinfection with >99.999% 

inactivation.236 Photoexcited electron–hole pairs in other semiconductor composites,238, 239 

such as C3N4/rGO heterojunctions,240 may also enable the photocatalytic effect in cells and 

tissue. Zhang et al. reported a modulation neuronal interface between C3N4 and PC12 cells, 

where neuronal differentiation can be achieved upon photostimulation.240 Moreover, the 

photocatalytic effect has enabled g-C3N4 mediated conversion of NADH into NAD+, a 

process which can be utilized for the catalytic synthesis of L-lactate from L-lactate 

dehydrogenase.241–243

The shape, dimensions, chemical composition, and surface properties of 2D semiconductors 

are all related to their biocompatibility. While 2D MoS2 has been demonstrated to show low 

cytotoxicity,244, 245 biocompatibility in vitro and in vivo remains a concern for other 2D 

materials, especially for those transition metal dichalcogenides containing Se, Te, or As.
246–248

3.2.4 Metal oxide-based bioelectronics—Many metal oxide semiconductors can be 

configured as FET devices. For example, Nakatsuka et al. used thin-film In2O3 FETs for 

biomolecular sensing under physiological condition. They modified their FETs with DNA 

aptamers whose conformation changes upon binding to various molecules such as serotonin, 

dopamine, glucose and sphingosine-1-phosphate. Notably, the detected molecular 

concentration ranges from 10−14 to 10−9 M in PBS solution, overcoming the limitations of 

Debye screening .249
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Metal oxide semiconductors are also frequently applied as photocatalysts and solar-to-

chemical energy conversion materials because of their inherent ability to generate electron 

and holes upon photoexcitation, good charge carrier mobility, excellent stability, and 

tuneable structures. TiO2 is one of the most frequently used materials for in vitro and in vivo 
bioelectronic applications. Demonstrated by Tang et al., a vertically oriented Au-decorated 

TiO2 nanowire array of artificial photoreceptors successfully restored functional and 

behavioral light sensitivity in blind mice.250 This nanowire array resembles the architecture 

and function of photoreceptors in retinas. Unlike other engineered bioelectrical implants for 

sight restoration, TiO2 arrays require no trans-ocular cables or power supplies and are 

expected to offer optimized spatial resolution. With Au nanoparticle decoration, surface 

roughness guarantees enhanced interfacing between innate retinal circuits and TiO2. Design 

of future retinal implants or bioinspired devices would need materials with broadband photo-

responsivity from the UV region to the near-infrared region, for which oxide composites or 

doped oxides may meet the requirement (e.g., Au-WO3-TiO2,251 CuO/Ta2O5,252 or In-

doped TiO2
253). Other example in this category includes niobium oxide (Nb2O5)-based 

photoelectrochemical sensing.254

Many metal oxides, such as tantalum pentoxide (Ta2O5), ruthenium oxide (RuO2), nickel 

oxide (NiO), manganese dioxide (MnO2), and cobalt oxide (Co3O4) are widely applied as 

electrode materials in lithium-ion batteries, supercapacitors, and solar cells;255,256 the device 

configurations and operational mechanisms can be tailored for bioelectronics more broadly. 

Most of these metal oxides can be obtained through hydrothermal synthesis to yield 

controllable shapes and electrochemical or optical properties.

4. Organic semiconductor-based bioelectronics

Organic semiconductors have become excellent candidates for flexible and stretchable 

bioelectronic applications, because of their low temperature solution-phase processability, 

good mechanical deformability, and applicable charge transport properties.39, 257 When in 

contact with skin or implanted into tissues, mechanically compliant organic bioelectronics 

can minimize discomfort and adverse effects due to the mechanical mismatch.39, 257–260 

Moreover, some organic semiconductors are self-healable and biodegradable, which is ideal 

for wearable and injectable bioelectronics.261, 262 However, several factors, including the 

balance between mechanical deformability and device mobility, long-term stability under 

physiological conditions, stretching and bending durability, need to be considered during the 

development of the next generation of organic bioelectronics. In this section, we discuss the 

molecular design of semiconductor polymers, chemical and biochemical sensing from 

organic transistors, surface chemistry for targeting, photoelectrochemistry and 

photochemistry of organic semiconductors, and energy conversions of organic 

semiconductors used in bioelectronics.

4.1 Chemical designs for mechanical deformability

Rational design of semiconductor polymers can help improve the mechanical properties 

without negative changes to the electrical transport behaviors.263–266 Increasing the size or 

number of amorphous regions by lowering regioregularity could prevent crystallization in 
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semiconductor polymers. This would lead to an increase of stretchability, however, it also 

impacts the electrical performance.267 Side chain engineering of semiconductor polymers is 

another efficient route for modulating stretchability.267 For example, the linear alkyl side 

chain modification of poly(3-alkylthiophene) (P3AT) developed by Savagatrup et al.268 and 

poly(butyl acrylate) (PBA) side chain modification of isoindigo-based polymers PII2T 

developed by Wen et al.269 showed that the tensile moduli of such polymers can be reduced 

by softening the side chains.

Recently, the introduction of conjugation breaking spacers (CBs) into the backbone was 

demonstrated to be an efficient strategy to endow stretchability to the semiconductor 

polymer.270–272 Oh et al. reported the creation of 2,6-pyridine dicarboxamide (PDCA) 

conjugation units that integrated with 3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione (DPP) semiconductor polymers (Fig. 9).273 PDCA moieties introduce 

hydrogen bonding units into the polymer backbone. While the semiconducting crystalline 

parts allow remarkable charge transport, amorphous polymer chains crosslinked by 

hydrogen bonds – which can reversibly undergo dynamic breakage and reformation – offer 

the polymers excellent flexibility and tolerance to stretching. Organic thin-film field effect 

transistors (OTFTs) fabricated using this intrinsically stretchable semiconductor can be 

stretched without significantly compromising the semiconducting behavior, with only a slow 

decline in field effect mobility when stretched up to 100%. When mounted on human limbs, 

this OTFT device can tolerate various human movements such as arm folding, hand twisting, 

and elbow stretching, while retaining an average mobility bigger than 0.1 cm2⋅V−1⋅s−1.

4.2 Chemical designs for degradation and stability

Organic semiconductor-based bioelectronic devices are typically not as stable as their 

inorganic counterparts. Depending on the intended purpose of the device, specifically the 

duration of the interface, this can be either a positive or negative aspect.

There are two major routes for the degradation of semiconductor polymers: hydrolytic 

degradation and oxidative degradation.274 Hydrolytic degradation is determined by the 

microstructure and composition of the polymer, as well as the temperature and pH of the 

surroundings. For hydrolytic degradation, several kinds of sites on the polymer backbone 

can initiate chemical and enzymatic degradation, including ester/thioester, carbonate, 

anhydride, urea, urethane, and imide/amide groups, etc.274 An increase of crystallinity and 

cross-linking density would typically lead to a decrease of degradation rate. Oxidative 

degradation is a chemically and enzymatically relevant oxidative cleavage procedure of 

polymers. Common sites for oxidative degradation in polymers are shown in reference.274

For long-term bioelectronic devices, stable performance is required (e.g., organic 

photovoltaic components used as a retinal prosthesis). Encapsulation of the device to prevent 

water and oxygen transmission is an efficient strategy. For example, in organic LED (OLED) 

synthesis, the semiconductor polymer can be protected by a ~1 μm thick multilayer 

encapsulation.275 The encapsulation contains three layers of Al2O3 and two layers of 

crosslinked acrylic polymer, complying with the standards for typical encapsulation of 

OLED microdisplays. This multilayer structure encapsulating effect is 10−5 –10−6 g⋅m−2⋅d
−1, which is comparable with low water vapor transmission rates. Rational design of the 
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polymer structure is another efficient strategy to improve stability.276 For example, 

Giovannitti et al. reported that 3,3′-dimethoxy-2,2′-bithiophene comonomers in alkoxy-

Benzo[1,2-b:4,5-b′]dithiophene (BDT) copolymers improved the material stability.277 

Specifically, they found that alkoxybithiophene units stabilize positive charges on the 

polymer backbone, playing a vital role in the long-term operation of OECT.

In some biomedical applications, transient bioelectronics are useful for in vivo healing or 

regeneration,153, 261 as was discussed in section 2. Nondegradable implants may create a risk 

of causing a chronic inflammation, necessitating extra surgeries to take them out which risks 

infection. Thus, molecular designs that make organic semiconductor-based devices 

degradable at physiological conditions are desirable. For example, Lei et al. utilized imine-

linked DPP and p-phenylenediamine to synthesize degradable organic materials in acidic 

(pH = 4.6) environments.278 By coupling this material with iron electrodes, they fabricated 

ultra-lightweight disintegrable pseudo-CMOS logic circuits and polymer transient 

electronics. Their biodegradable organic semiconductor electronics have the potential use for 

biointegrated applications.

4.3 Chemical designs for electronic functionalities

Organic semiconductors have been developed for numerous bioelectronic applications, 

notably the skin-inspired electronics.279, 280 For example, transistor-matrix based organic 

electronics with thousands of flexible sensory units can potentially replicate skin sensation.
270 Wang et al. developed a large-scale high yield uniform transistor array with an intrinsic 

stretchability up to 100% strain while keeping a ~1 cm2⋅V−1⋅s−1 charge-carrier mobility.259 

Kim et al. configured organic transistors into artificial synaptic junctions,279 where the 

active channels in an ion gel can be gated by multiple inputs. A hybrid monosynaptic reflex 

arc was demonstrated by connecting this artificial synaptic transistor to nerves of a discoid 

cockroach.

4.3.1 Chemical designs for charge carrier mobility control—Rational design of 

semiconductor polymers is the efficient route for improving carrier mobility while keeping 

good mechanical properties.263, 265, 266 The crystalline domains in semiconductor polymers, 

which arise from intermolecular π-π stacking, are favourable for charge carrier mobility.271 

Thus, molecular weight plays an important role in charge carrier mobility.281 Zen et al. 
reported that in the case of poly(3-hexylthiophene), abbreviated as P3HT, high molecular 

weight P3HT has higher mobility in organic field-effect transistors,282 which rely on tie 

chains with connection function and effective charge transportation between crystalline 

regions. However, high molecular-weight P3HT showed a lower elastic modulus. More 

recently, new molecular design routes have been developed for less crystalline polymers to 

achieve both the high charge mobility and stretchability. For example, Xu et al. used a 

nanoconfinement method to increase polymer chain dynamics and suppress crystallization, 

while maintaining the mechanical properties of high-mobility polymers.270, 271 When 

introducing nanofibrils into a soft deformable elastomer, semiconducting films can be 

stretched to 100% strain without influencing mobility.
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4.3.2 Surface chemistry in organic transistors—Two kinds of transistors, 

including organic electrochemical transistors95, 283–285 (OECTs, based on electrochemically 

doping/de-doping upon ionic species injection into the active materials) and electrolyte-

gated organic field effect transistors286–288(EGOFETs, based on gate voltage-modulated 

channel currents via a capacitive field effect mechanism at the channel/electrolyte interface) 

are commonly used in bioelectronic sensing. For detailed information regarding the working 

principles of these devices, we refer the interested reader to a number of excellent reviews 

on the subject.26, 95, 289

Surface modifications with functional chemical moieties, peptides, proteins, and nucleic 

acids enable specific chemical and biological detection with high sensitivity.290–292 For 

example, the Inal and Owens groups have conducted extensive research on surface 

biofunctionalization of OECT devices.290, 293–295 Several enzymes, including glucose 

oxidase (GOx), lactate oxidase (LOx), and cholesterol oxidase (ChOx), were covalently 

immobilized onto the PEDOT:PSS gate electrodes to enhance the sensing selectivity.290 For 

instance, the PEDOT:PSS can be blended with polyvinyl alcohol (PVA) to introduce 

hydroxyl functional groups, and then linked with heterobifunctional silanes, i.e., 3-

glycidoxypropyltrimethoxysilane or GPTMS, via a condensation reaction prior to the protein 

attachments. Containing an epoxy ring, this silane can form chemical bonds with amides 

from target proteins. The OECT device is based on the n-type copolymer P-90 with lactate 

oxidase grafting. Working as a resistor, the LOx-functionalized micro-channel amplified the 

signal of the transistor circuit with its current changing near the noise level with lactate.

Biorecognition can also be realized by surface functionalization (Fig. 10a and b).294 Mulla 

et al. employed monomeric porcine odorant binding proteins (pOBPs) as ligands and 

assembled them on the metal gate of a capacitive coupled p-type organic FET (polymer, 

PBTTT-C14) device.291 This device can be used for the selective detection of chiral 

differential interaction in OBPs in the picomolar concentration range (Fig. 10c and d). 

Subtle capacitance changes that associated with the ligand-protein complex formation allow 

sensitive determination of the free-energy balances from conformational events, i.e., the 

interaction of chiral (S)-(+)- and (R)-(−)-carvone enantiomers with OBPs. While pOBPs are 

negatively charged in pure water, the chiral molecules bear a dipole moment and physically 

bind to pOBPs.

Different to chemical conjugation, physical adsorption process depends on binding kinetics 

and equilibrium and can be driven by surface energy, intermolecular forces, polarity, 

charges, and morphology.296–298 The desire to understand how these factors impact protein 

adsorption and to predict and control the adsorption process have been main motivating 

forces for the research in this field, which can help optimize engineering techniques 

performance in biomedical or physiological applications.299

4.3.3 Photoelectrochemistry of organic semiconductor-based biointerfaces
—Organic semiconductors can also be utilized in light-triggered electron injection or 

stimulation. Capacitive processes from double layers and Faradaic process from reduction/

oxidation of a solution species, as discussed in section 2.3.2, are the two main processes that 

occur at liquid/solid interfaces. Applying photostimulation strategies on the biointerface, 
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such as optical neuronal modulation,300 presents a potential future direction for biomedical 

implants as brain disease therapeutics or retinal prostheses.301–304 Due to the mechanical 

deformability properties of polymers, organic semiconductors are ideal for injectable and 

implantable bioelectronics.305–307 Meanwhile, organic semiconductors may also produce 

electron-hole pairs upon exposure to sufficiently energetic light. This capability for 

photostimulation may be further enhanced by the good charge carrier mobility available in 

organic semiconductors.98, 305, 308–315

Ghezzi et al. reported that by employing semiconductor polymer regioregular poly(3-

hexylthiophene-2,5-diyl) with phenyl-C61-butyric-acid-methyl ester (rr-P3HT:PCBM) as a 

photosensitive layer, and ITO as a reference electrode, hippocampal neurons cells could be 

photostimulated through a photovoltaic mode.309 Maya-Vetencourt et al. developed an 

organic implant for restorative retinal prostheses using a similar method.308 They utilized 

P3HT as an active semiconductor layer, poly(3,4-ethylenedioxythiophene): polystyrene 

sulfonate (PEDOT:PSS) as intermediate conductive layer, and 30 μm thick silk fibroin layer 

as a passive substrate (Fig. 11a).308 After implantation, this biocompatible and 

photosensitive organic prosthetic can rescue light sensitivity and spatial acuity in vivo for 

nearly a year. Additionally, a P3HT-based optoelectronic epiretinal interface was reported by 

Gautam et al. to provide visual cues that could stimulate blind retina.

Jakešová et al. demonstrated that organic electrolytic photocapacitors (OEPCs)316 could be 

used to generate photocapacitive current for X. laevis oocyte stimulation.317 Photoexcitation 

of the H2Pc (P-layer, donor) and PTCDI (N-layer, acceptor) junction accumulated electronic 

charges, forming the opposite electrolytic double layer at the front and back plane of 

semiconductor electrodes (Fig. 11b).317 Furthermore, organic photovoltaic photosensors of 

(2,4-bis[4-(N,N-diisobutylamino)-2,6-dihydroxyphenyl] squaraine, (SQIB) blended with a 

fullerene acceptor (phenyl-C61-butyric acid methyl ester, PCBM) were utilized by 

Abdullaeva et al., to examine how activation of voltage-gated ion channels works in single 

neuroblastoma (N2A) cells by utilizing patch-clamp recording.318

4.3.4 Other organic semiconductors devices relevant for biointerfaces—
Organic semiconductors may serve as energy transducers, converting solar energy to 

electrical energy (organic photovoltaics, OPVs). Thus, organic semiconductor-based devices 

can be employed as a power and light source in various kinds of biomedical applications.
319–321 Park et al. created a self-powered organic electrochemical transistor (OECT) based 

sensor with high signal to-noise ratios (SNR) for on-skin and on-tissue cardiac signal 

detection.322 In this case, the organic conductor PEDOT:PSS served as an active channel of 

the OECT, which was powered by integrated OPVs. The potential variance between the gel 

electrode on the chest and the OECT channel on the fingertip acted as the gate bias, affecting 

the channel conductance and producing the sensing signals. Jinno et al. reported 

environmentally and mechanically stable ultraflexible OPVs generated from a mixture film 

containing a donor–acceptor polymer with quaterthiophene and with naphtho[1,2-c:5,6-c

′]bis[1,2,5]thiadiazole (NTz) (PNTz4T) and [6,6]-phenyl C71-butyric acid methyl ester 

(PC71BM) used as a stable active layer.323 This device exhibited a stable photoconversion 

efficiency (PCE) up to 7.9% under ambient air conditions. The PCE of the double-side-

coated OPVs remains stable after 20 compressions and with 100 minutes of water exposure, 
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implying it may be used as a stable power source for wearable electronics.322 Similar 

designs from the same group were utilized in a self-powered compliant electronic device, 

which may be used to realize precise and sensitive biological signal acquisition.

Organic semiconductors also serve as important active materials in OLEDs, which are 

commonly used as light sources in biomedical application.324 For example, OLEDs are 

desirable for making epidermal pulse oximeters owing to the processability and fabrication 

of flexible devices.325, 326 Khan et al. reported the fabrication of a reflectance oximeter array 

(ROA), realized by printing and integrating organic optoelectronic arrays and conventional 

Si circuits.326 ROAs contain four red OLEDs, four NIR OLEDs, and eight organic 

photodiodes (OPDs), which are blade coated and screen printed on flexible polyethylene 

naphthalate substrates. Significantly different molar absorptivities of HbO2 and Hb endow 

the device with the capacity for in vivo 2D mapping of oxygenation of forearms under 

pressure-cuff-induced ischemia. By taking advantage of design freedom for organic devices, 

Lee et al. reported organic pulse oximeters (OPOs) with low power consumption, which are 

good candidates for stand-alone wearable devices ready for continuous monitoring.325

OLEDs also represent a candidate for illumination in optogenetic experiments,320, 327, 328 

because of their high array density at sub-cellular length scales and easily-tuneable emission 

properties by chemical synthesis. Steude et al. reported the fabrication of a blue-emitting 

fluorescent p-i-n OLED stack that contains more than 200,000 pixels across a ~20 mm2 area 

with small pitch size of 6 × 9 μm2. Using OLED arrays, they controlled multiple C. 
rheinhardtii behaviors such as moving speed and swimming direction, by light stimulation. 

The same group also found significantly altered membrane current upon illumination.

5. Inorganic conductors for bioelectronics

Metal- and carbon-based materials are the two major groups of conductive inorganic 

materials that are exploited in many bioelectronics devices. New developments in chemistry 

to adjust the conductivity, biocompatibility, chemical stability, and workability in terms of 

fabrication and patterning of these materials is crucial for the performance of next-

generation bioelectronics. The general characteristics of common inorganic conductor 

materials were summarized in Table 2.

5.1 Metal-based materials

Many bioelectronics devices for biosensing and modulation involve the usage of metal-based 

materials, which include pure metals, metal oxides, metallic alloys, and their composites 

with carbon or organic materials. Typically, many metals are used directly as electrodes for 

recoding electrical signals or inputting stimulation current, with classic options including Pt, 

Au, and Pt-iridium alloys (Pt-Ir). These metallic materials are chemically stable and have 

minimal cytotoxicity. As an alternative to conventional electrodes, intrinsically soft, low 

melting temperature liquid metals, such as gallium-based liquid metal (e.g. EGaIn), are 

promising for the further convergence of biology and epidermal electronics.329, 330 Chemical 

engineering methods have been advancing these metals or metallic alloys towards better 

functionality, stability and biocompatibility by increasing charge injection capacity (CIC),331 
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electrochemical stability,332 inertness or resistance to corrosion,333 ductility,334 and surface 

softening.335

5.1.1 Pt—Pt, a ductile transition metal with good chemical stability and biocompatibility, 

can be fabricated into a variety of geometries for bioelectronic applications.

a) PtNPs.: PtNPs are widely used as decoration on other materials to offer active reactive 

sites and enhanced material properties. For instance, PtNPs show high affinity with liquid 

metals, resulting in the uniform dispersion of liquid metal on Pt-decorated carbon nanotubes 

(Fig. 12a).336 With both mechanical and electrical properties superior to pristine liquid 

metal, the Pt/CNTs/liquid metal composite can be printed into high-resolution 3D structures 

(Fig. 12a), enabling the construction of future 3D wearable bioelectronics. In this study, the 

PtNPs were decorated by reducing Pt(NH3)4(NO3)2, on carboxylated nanotubes in an H2 

atmosphere.

PtNP-decorated silicone composites have a high surface area and can produce a cathodal 

charge storage capacity of ~50 mC⋅cm−2, comparable to highly doped organic electrode 

coatings.337 PtNPs also improve the current density and detection sensitivity of a graphene-

based glutamate sensor338 and glucose sensor,339 owing to their superior catalytic behavior 

over hydrogen peroxide (H2O2). When combined with natural reducing agents, such as 

tannic acid (TA) polyphenols,340 the catalysis of H2O2 is accelerated via synergistic effects.

b) 1D Pt structures.: Pt wires or fibers have also been widely utilized as electrodes, 

especially for measuring extracellular activity in vivo. Alloyed with Ir, electrodes are 

strengthened while retaining the chemical stability and biocompatibility. Pt-Ir shows low 

conductor resistance (impedance of ~400 MΩ⋅μm2 at 1 kHz) but with a limited CIC below 

200 μC⋅cm−2,341 which limits its usage in liquid solutions due to possible toxic products 

generated from Faradic interfacial charge transfers. Further improvements can come from 

synergistic effects with carbon. For example, a coaxial graphene/Pt fiber-like electrodes 

showed an increased CIC of ~ 10 mC⋅cm−2 (Fig. 12b).342

c) 2D Pt structures.: Planar Pt materials are attractive as recording sites in bioelectronic 

devices. With nanofabrication and photolithography, Pt of a few nanometres thickness is 

patterned with spatial precision on Au interconnection networks, as shown in many state-of-

the-art electrophysiology probes, such as the flexible 3D mesh electronics,10, 40, 343 and 

neuron-like electronics344. Encapsulated by flexible polymers, these probes seamlessly 

integrate with biological tissues (for example, brain), which helps the signal transduction for 

electrophysical recording or stimulation and elicits minimal cell losses at the interface.

d) 3D Pt structures.: 3D nanostructured Pt electrode arrays are widely applied as 3D 

metamaterials in different interfacing scenarios. For example, vertically aligned Pt 

nanopillars have been utilized in measuring both intracellular and extracellular activities 

from individual cells.345–347 Pt pillar arrays can be constructed via focused ion beam (FIB) 

milling and FIB-assisted Pt deposition.345 This technique, however, is incompatible on 

flexible substrates like parylene C. While electrochemical deposition348, 349 and dealloying 
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Pt-based compounds350, 351 can result in 1D Pt nanostructures, noxious byproducts, such as 

electrochemical surfactants and Pt black, limit its usage.

3D porous Pt constructed by selective chemical etching addresses the above-mentioned 

challenges. Ganji et al. synthesized porous Pt nanorods (PtNRs) on parylene C substrates by 

dissolving Ag from a co-sputtered PtAg alloy (Fig. 12c).352 These Pt nanorods display good 

stability, biocompatibility, and electrochemical parameters. With similar chemical etching, 

nanoporous Pt meta-electrodes fabricated by Dipalo et al. were characterized with great 

nanoscale surface roughness, a near-infrared (NIR) light absorption, and an intimate 

biointerface with cardiac cells.90 These Pt meta-electrodes function like 3D antennas, and 

when paired with plasmonic optoacoustic poration, can record intracellularly. Overall, 

porous Pt meta-electrodes have several merits compared to 3D arrays with high aspect ratio 

Pt nanostructures, including easier fabrication, simple electronic circuitry design, and cost-

efficient large scale production.

5.1.2 Au—Au is another good candidate for forming bioelectrical interfaces because of its 

excellent electrical conductivity, ductility, biocompatibility, chemical stability, and various 

fabrication and surface modification methods. Besides, Au has plasmonic properties, which 

can be used to generate localized heating in the vicinity upon light irradiation. Thus, Au has 

been widely used in many bioelectronic systems, as interconnections and leads for sensing, 

by enhancing tissue engineering as a good conductor, and to modulate and sense biological 

behaviors via plasmonic responses.

a) Au for electrical sensing.: Au nanostructures perform well in sensing intracellular 

action potentials in excitable cells, like neurons and cardiomyocytes. Au nanopillar with a 

mushroom-shaped cap can also record subthreshold synaptic activity and action potentials in 
vitro with minimal invasiveness for days,353 longer than the conventional patch-clamp 

methods. As was demonstrated by Fendyur et al., mushroom-shaped Au microelectrodes 

improved membrane engulfment substantially (Fig. 13a),353 which is desirable for their 

application due to the formation of high resistance seals between interfaced cell and the 

electrodes. Recently developed OpticSELINE microelectrodes354, flexible on-skin 

electronics,355 and aforementioned mesh electronics10 are also examples of Au-based 

electronics.

For intracellular recordings of single-unit electrical activities of networks of neurons and 

refined modulation of subthreshold events, Au nanopillars345, 356 and monocrystalline Au 

nanowires (AuNWs) of ~100 nm in diameter357 are valid. The AuNWs were grown on 

sapphire substrates via CVD and later mounted on a tungsten (W) tip that was coated with 

nail varnish solution for passivation. AuNWs are also widely applied in flexible electronics 

that are wearable and implantable. For example, Au-coated Ag nanocomposites (Fig. 13b) in 

an elastomeric block-copolymer matrix exhibit an excellent conductivity of up to ~73,000 

S⋅cm−1, and a stretchability up to more than 800%.358 This Au-Ag nanocomposite 

conformed to human skin and swine heart, and performed electrophysiological recording 

and electrical/thermal modulation. The inert Au coating prevented silver oxidation and 

ensured biocompatibility.
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b) Tissue engineering.: Cardiac patches made of 3D porous biomaterial scaffolds with 

seeded cardiac cells can be used to treat damaged heart tissues after a heart attack.359–361 

While the porosity of polymer substrates offers environmental cues for healthy cell growth 

and functioning, it is expected that integration of electrically conductive materials can not 

only enable electrical sensing,362 but also increase synchronized contraction of cardiac cells 

and therefore improve the therapeutic value of the cardiac patch.363, 364 For example, 

ultrasoft polymer nanomeshes with 100 nm of Au deposition have been demonstrated by 

Lee et al. to map electrophysiological dynamics during cardiomyocyte beating (Fig. 13c).362 

Besides, Au-decorated alginate cardiac patches designed by Dvir et al. enhanced electrical 

communication between adjacent cardiac cells and thereby improve synchronization of cell 

contractions.364

An on-off on-demand drug release functionality can be integrated by depositing drug-loaded 

electroactive polymers within Au-decorated cardiac patches. For example, negatively 

charged chondroitin 4-sulphate hydrogels can load positively charged growth factors and 

cytokines, such as insulin-like growth factor 1 (IGF-1), vascular endothelial growth factor 

(VEGF), and stromal cell-derived factor-1 (SDF-1), while positive polypyrrole (PPy) films 

can load dexamethasone (DEX). These biochemical cues control cardiac function and 

improve therapeutic effects of the patches through different regulation pathways.6

c) Plasmon-enabled bioelectrical sensing and modulation.: Beyond Au nanoparticle 

(AuNP)-based photothermal cancer therapy, plasmonic effects are also widely used for 

bioelectronic sensing and modulation through neural photostimulation. For example, Dipalo 

et al. fabricated 3D plasmonic Au nanoelectrodes for intra- and extracellular recording of 

spontaneous neural APs. Photo-triggered plasmonic optoporation allowed AuNWs 

intracellular access without perturbing ongoing electrical activity.356 Au nanorods (AuNRs), 

generating surface plasmons in response to near-infrared light, can facilitate 

neuromodulation through the optocapacitive effect.65, 66 In contrast to this, the ability to 

photothermally inhibit single-neural activity in vitro with NIR-sensitive nano-Au has also 

been reported by Yoo et al.64, 365, 366

d) Fabrication and surface modification.: A variety of approaches have been reported to 

fabricate nano- and microscale Au, for example the reduction of HAuCl4 into Au nanorods 

by citrate or borohydride367 in water solution (bottom-up method), photolithography, and 

electron beam lithography (top-down method). Reported by Lu et al., welding under 

relatively low pressures and near room temperature produced crystalline AuNW network 

with diameters smaller than 10 nm.368 The atomic diffusion and surface relaxation enabled 

cold welding within seconds merely via mechanical contact. This nanoscale welding is 

expected to advance bottom-up assembly of 1D metallic nanowires in future bioelectronics 

with improved mechanical durability and electrical properties.

Surface functionalization of Au can promote desirable functions, such as physisorption of 

biological cargo loading and cell adhesion, and create favourable electrostatic or ligand-

receptor interactions by replicating naturally occurring binding sites. For example, ligands 

like Ts1 promote AuNPs binding to neuronal membrane with washout resistance.66 

Arginylglycylaspartic acid (RGD), the most common motif responsible for cell adhesion to 
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the extracellular matrix (ECM), can promote membrane/Au contact and cause the 

phagocytosis-like cell engulfment of the Au-mushrooms nanoelectrodes.369 Electrostatically 

charged polymers, such as polylysines370 and polyornithines,371 have also been widely 

applied to enhance cell adhesion to Au nanoelectrodes. Additionally, Au nanoelectrodes 

coated with Pt, iridium oxide (IrOx), and titanium nitride (TiN), offer excellent electrical 

coupling, surface area, and cell adhesion characteristics without influencing the plasmonic 

performance. Au-nanostructured microelectrodes were also used as a component in a system 

to process to detect cancer in unprocessed serum, in conjunction with a gene-responsive 

peptide nucleic acid coating and Ru(NH3)6
3+/Fe(CN)6

3− electrocatalytic redox pair372

Overall, different surface coating materials, ranging from binding motif-mimicking synthetic 

coatings to natural extracellular matrix gels, such as fibronectin, laminin, and collagen, and 

to inorganic materials, interplay with biological systems through differing mechanisms and 

can induce various biological responses and downstream regulations.373–375

5.1.3 Liquid Metal—Taking advantage of the extreme deformability and excellent 

metallic conductivity, liquid metals are widely used in many flexible bioelectronic devices or 

e-skins, such as Ga-based neural probes,376, all-soft matter circuits,377 and conformal and 

reconfigurable electronics that can undergo extreme strains.329, 378 While the most well-

known liquid metal, mercury (Hg), is lethally toxic, gallium (Ga) and several Ga-based 

alloys, commonly gallium indium (EGaIn) and Galinstan, are considered to be biologically 

safe.379

In air, the surface of Ga quickly forms a thin oxide layer, which prevents surface tension-

driven droplet formation and thereby allows the patterning of Ga into designed geometries 

and structures. The electrochemistry of native surface oxides of Galinstan in electrolyte 

solution is highly dependent on the electrolyte concentration. Ga oxide can be removed via 

etching with acidic (pH<3) or basic (pH>10) solutions or via electrochemical reactions 

under a reducing bias.380, 381 For example, NaOH solution dissolves Ga(III) oxide and 

produces NaGa(OH)4, which forms hydrophilic interfaces and results in low interfacial 

tension between the electrolyte and liquid metal.382

Along with an increasing number of studies focused on the liquid metal-based bioeletronics, 

several patterning methods have been developed to fabricate liquid metal traces, for 

example, microfluidic injection, additive and subtractive process, and lithography methods.
383 Recently, liquid metal patterning technologies to match cellular dimensions have been 

developed. To achieve single cell spatial resolution, all-soft EGaIn-based devices with 

submicron feature sizes down to 180 nm were created.384 Fabricated using both electron-

beam lithography and soft lithography, this device generated the current highest resolution of 

liquid metal patterning. Additionally, sonication has been used to produce liquid metal 

droplets for printable devices. The morphology of liquid metal particles can be stabilized by 

positively charged molecular or macromolecular surfactants, such as cetrimonium bromide 

(CTAB) and lysozyme.385 Embedded in polymers, liquid metal-based soft electronic devices 

are not only stretchable, but also self-healing. For example, abundant hydrogen bonds in 

PVA recovered the mechanical and electrical properties of patterned liquid metal circuits 

after cutting without any addition of any agents or solvents.386 Liquid metal-suspended soft 
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elastomers also have self-healing abilities without requiring manual repair or external heat.
387 When impaired, the metal droplets break to generate new connections with nearby metal 

droplets, rerouting the transportation of electrical signals without disruption. For more 

information about the chemistry, physical properties, patterning, and device fabrications of 

liquid-metal-based materials, readers may refer to available literature.329 , 388

5.1.4 Other Metals—Nano-silver structures, e.g., Ag nanowires (AgNWs), and 2D Ag 

flakes, have received extensive attention as conductive fillers for stretchable bioelectronics 

or rubbery transistors. Ag is highly conductive and mechanically durable, and AgNW-based 

meshes or arrays can have high conductivity due to contacts between long nanowires. 

Besides previously mentioned Au-Ag nanocomposites,358 other Ag nanostructures have also 

been embedded in stretchable polymers, such as polyurethane (PU) and 

polydimethylsiloxane (PDMS), to make devices that can endure ultrahigh stretching. Yang et 
al. seeded high density AgNWs into PU using intense pulsed light, which heated local PU so 

that it melted and softened to allow AgNWs to be embedded.389 Light-induced melting of 

PU enables tight contact without breaking the substrate, while simultaneously improving 

junction conductivity between each nanowire. Similarly, Kim et al. embedded AgNWs in 

P3HT-percolated PDMS to construct stretchable transistors,390 where AuNPs were also 

coated onto the AgNWs for reducing the energy barrier between the source and the drain. 

Recently, 2D Ag flake-based conductive networks in a fluorine rubber were studied by 

Matsuhisa et al. As 2D nanostructures have a larger junction area, which in turn allows for 

reduced contact resistance, 2D Ag flake-based conductive rubber presented a high 

conductivity of more than 700 S⋅cm−1 at 0% strain.391 With in situ formed AgNPs, a 

reinforcement effect led to a conductivity ten times higher than Ag flakes alone (about 6000 

S⋅cm−1 at unstretched stage).392

Stainless steels (SS) possess good stability, resistance to corrosion, and are characterized 

with good electrochemical properties, for example, capacitive interfacial charge transfer. A 

study by Schwarz et al. using SS probes 30-50 μm in diameter successfully recorded brain 

activities in unrestrained, naturally moving rhesus monkeys for close to five continuous 

years.393 The scalability of SS also enables large-scale monitoring with volumetric probes 

with thousand-channel capacity. However, most stainless steels are not compatible with 

magnetic resonance imaging (MRI) because of their iron-rich chemical composition, which 

induces severe magnetic field distortions.394 Therefore, stainless steel induces undesirable 

artifacts and is potentially unsafe for patients under MRI testing as high frequency magnetic 

fields may cause high magnetic dislocation forces and torque.

Comparatively, Cu is considered MRI safe with minimal imaging artifacts within a magnetic 

field less than 40 T⋅m−1.395 Although Cu is acceptable to use in MRIs due to its low 

magnetic susceptibility, close to that of water and tissues, the potential cytotoxicity of Cu 

impedes its direct implantation for in vivo applications.396, 397 Zhao et al. overcame this 

limitation by encapsulating the Cu microelectrodes with graphene via a low-pressure CVD 

process. Remarkably, graphene-coated Cu (G-Cu) electrodes generate negligible magnetic 

field distortion and MRI artifacts, presenting great opportunities for simultaneous brain 

activity mapping and electrophysiological recording. Cu, a cheaper alternative to Au, is also 
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widely used as interconnecting wires in flexible electronics in serpentine or waveform 

patterns that can survive extreme strains.398, 399

5.2 Carbon

Graphene and carbon nanotubes (CNTs) are favoured in bioelectronics for their outstanding 

chemical stability, biocompatibility, high mechanical flexibility, large surface area, a wide 

electrochemical window for doping and modification, and a variety of fabrication methods.
400 Many flexible monolithic devices and fiber-like probes are fabricated with nanocarbon 

for bioelectrical sensing,401, 402 energy storage,403 and electrochemical measurements404. 

Furthermore, carbon microelectrodes with nanoscale tips (Fig. 14a) are ideal for high 

resolution measurement of synaptic activities and vesicles (Fig. 14b).405 With a carbon fiber 

in a cell or at close proximity to a cell, oxidation currents elicited by known redox reactions 

(Fig. 14c) can be electrochemically detected.405–409

5.2.1 Graphene—Graphene, a 2D structure of hexagonally arranged carbon that is one 

atom in thickness, has been widely used in bioelectronics. It has extraordinary mobility of 

charge carriers near 10,000 cm2⋅V−1⋅s−1 at room temperature410 and a high surface-to-

volume ratio (theoretically, a specific surface area of ~2600 m2⋅g−1). Coating carbon 

allotropes on top of metal microelectrodes and vice versa can lead to a synergistic effect 

between carbon and metal constituents, forming a structure with better electrochemical 

performance than either individual material, for example, lower electrode impedance, 

improved charge injection capacity (CIC), and higher surface area. A thin-Pt-coated 

graphene fiber shows an unrivalled CIC of more than 10 mC∙cm−2 and an extremely low 

impedance at 1kHz of ~3 MΩ⋅μm2, which is two-magnitudes lower than its Pt counterpart (~ 

400 MΩ⋅μm2) and smaller compared to the graphene comparisons (~ 9 to 28 MΩ⋅μm2).342 In 

a wearable patch for diabetes monitoring and therapy (Fig. 15a), a serpentine bilayer of Au 

mesh and Au-doped graphene together showed improved electrochemical activity compared 

to bare graphene, owing to the formation of efficient interfaces for stable charge transfer.404 

The hybrid patch, consisting of several sensors and drug delivery microneedles, stably 

operated under various mechanical deformations (Fig. 15b).

Graphene films are also attractive candidates for fabricating sensitive field effect transistors 

(FETs). Because the formation of unstable potentials at the tissue/metal interfaces causes 

large direct current (DC) offsets and drift, ultraslow neural activities are always distorted, 

making it challenging for metal electrodes to record ultraslow signals. Masvidal-Codina and 

co-workers reported graphene-based solution-gated FETs (or gSGFETs), in the form of 2D 

flexible epicortical and intracortical arrays which can serve as an alternative to metal 

electrodes for mapping ultraslow (below ~0.1 Hz) cortical brain activity that occurs in 

neurologic diseases..401

High-quality graphene can support primary neuron growth without other biomaterials.411 

Graphene substrates were reported to enhance differentiation of neural stem cells and 

promote mouse hippocampal neurite sprouting and extension.412, 413 Graphene is also 

widely applied as an advanced coating biomaterial by exfoliation-and-transfer or direct CVD 

growth onto bioprobes.414, 415 Graphene-coated probes demonstrated excellent 
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biocompatibility, and generally exhibit intimate and robust graphene/cell interfaces, which 

help cell maintain a viability of more than 90%.416 A scattered distribution of microglia and 

astrocytes was observed around the graphene-coated electrode.402, 417 The biocompatibility 

can be further improved by appropriate material treatments.418 For example, 

hydrophilization treatment using steam plasma419 and layer-by-layer deposition with poly-

L-lysine420 improve the proximate contacts between graphene and cells.

3D graphene structures provide cells with spatial microenvironments and synergistic cell 

guidance cues. For example, 3D graphene foams synthesized by Ni-foam-templated CVD 

formed 3D interfaces with neurons, which increased the proliferation and growth of neural 

stem cells (NSC) and enhanced NSC differentiation towards neurons, compared to planar 

graphene films.421 These 3D graphene foams can also serve as a conductive scaffold for 

electrical cell stimulations, where an increased intracellular Ca2+ signal in neurons upon 

electrical stimulation was observed. Similarly, high density microelectrode arrays of 3D 

porous graphene, fabricated by direct laser pyrolysis, offer a minimally invasive but efficient 

cortical neuromodulation and sensing.422 As was demonstrated by Lu et al., the porous 

graphene can be doped with 70% nitric acid to decrease electrode impedance and increase 

the charge injection capacity.423

Graphene has broadband optical transparency of more than 90%, which can benefit 

simultaneous optical imaging, optogenetic stimulation, and electrophysiology.424–427 For 

example, contact lenses fabricated from graphene on soft Parylene C film (Fig. 15c) enabled 

simultaneous in situ infrared fundus visualization during multi-electrode electroretinography 

(ERG) recording (Fig. 15d).427 Transparent graphene contact lenses have also been applied 

for electromagnetic interference shielding,428 glucose level measurement,429 and intraocular 

pressure sensing.430 Besides, Kuzum et al. have demonstrated transparent flexible 2D 

graphene neural electrodes that provide simultaneous neural calcium and electrical 

visualization with high spatiotemporal resolution.424 However, a few layers of graphene 

generate photoelectrochemical currents during light illumination, which may interfere with 

the neural electrophysiological signals and produce artifacts.431

Graphene is magnetically insusceptible, and therefore ensures a negligible artifact during 

magnetic resonance imaging (MRI). Zhao et al. fabricated a graphene-covered copper (G-

Cu) microwire that is compatible with 7.0 T MRI scans as well as being biocompatible and 

nontoxic.402 A thin layer of graphene prevents Cu-induced acute tissue toxicity and fast 

corrosion of Cu. However, over chronic implantation, the rigidity of the G-Cu 

microelectrodes may elicit neuroinflammation, such as activation of microglia and astrocytes 

and glial scar formation.

5.2.2 Carbon nanotubes (CNTs)—Similar to graphene, CNTs show a capability to 

reinforce cell adhesion and growth.432–434 The large surface area of CNTs promotes neuron 

adhesion and the formation of tight junctions between CNTs and neural cell membranes, 

facilitating sensitive recording or efficient electrical stimulation. Excellent biocompatibility 

of carbon-based nanomaterials can be achieved by adjusting the dosage, surface chemistry, 

and structure patterning into various architectures that are ideal for biointerfaces.
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CNTs display electrical conductivity ranging from metallic to semiconductors, depending on 

the orientation in which the carbon is wrapped. The specific impedance of CNT fibers is ~20 

mΩ⋅μm2, which is only one-twentieth of Pt/Ir (~400 mΩ⋅μm2), while the charge injection 

limit of CNT fibers is ~6 mC⋅cm−2, sixtyfold larger than Pt/Ir (~100 μC⋅cm−2) with the same 

geometrical area.435 The low impedance and the large CIC enable a remarkably high SNR 

and charge injection across the bioelectronics/cell interfaces.

The flexibility of CNTs allows for conformal integration on human body and within 

dynamic tissue environments, and CNTs have been broadly examined in many intrinsically 

stretchable transistor-based bioelectronics436, 437, self-healable electronic skins,438, 439 and 

implantable microfibers.16, 440 By varying the size and hierarchical structures of CNT, 

tissue-comparable bending stiffness of ~10−8 nN⋅m2 can be reached in a case of carbon 

helical fiber bundles (Fig. 16a and b),16 which is much lower than those of Si wires and Au 

wires (~ 0.1 nN⋅m2). This flexibility allows for conformal integration within dynamic tissue 

environments and helps to reduce inflammatory responses (Fig. 16c). Similarly, a soft ultra-

small MRI compatible implant based on CNTs formed a scar-free neural interface, allowing 

for stable recording of single-unit action potentials for several months. With magnetic 

insusceptibility, MRI global mapping of brain activity can be performed during electrical 

recording.440

5.3 Oxides, nitrides and carbides

The use of graphene oxide nanosheets (s-GO) to selectively downregulate the glutamatergic 

synaptic activity of hippocampal neurons in vitro and in vivo was reported by Rauti et al., 
who exploited the use of carbon for trimming down specific synaptic activity and target joint 

diagnostic/therapeutic applications.441 Reduced graphene oxide (r-GO) has also been 

reported with enhanced charge injection capacity that is preferable for electrical neural 

stimulation.442 These graphene oxides can be reliably prepared via modified Hummers 

methods, where potassium permanganate is added into a solution of graphite, sodium nitrate, 

and sulfuric acid.443, 444

Metal oxides with nanostructured surfaces, such as iridium oxide (IrOx) nanotubes, can 

interrogate cultured cells. For example, Cui et al. have demonstrated the usage of IrOx 

nanotube electrodes for intracellular action potential detection.445 This platform was used to 

evaluate the effect of ion-channel blocking drugs on the electrophysiology of 

cardiomyocytes with significantly improved SNR. These hollow nanotube arrays would be 

more valuable than solid nanowires when there is a need for intracellular sampling or 

intracellular delivery of materials such as drugs.

Oxides and nitrides, such as ZnO nanowires, titanium nitride (TiN), and IrOx have also been 

used as coating materials to improve the electrode performance. Coated with TiN, Pt-Ir 

electrodes can be largely improved to reach a 5-fold increase in CIC, due to the large 

effective surface area TiN provides. The roughness of TiN surfaces also promotes cell 

adhesion in many cases, for example, the TiN-coated Au cardiac patch.6 When coated with 

IrOx, Pt-Ir reaches a higher charge capacity of around ~5 mC⋅cm−2 because of the charges 

transferring in a reversible faradaic reaction between Ir3+ and Ir4+ oxide states.
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MXenes, which are a class of 2D transition metal carbides, nitrides, or carbonitrides, have 

been used mostly for energy storage applications. They have tuneable surface terminations, 

high conductivity, and remarkably high volumetric capacitance.446 Recently, Driscoll et al. 
used 2D Ti3C2 MXene as high-resolution neural electrodes.447 Distinct among carbon-based 

nanomaterials, Ti3C2 is processable in aqueous dispersions. Possessing high effective 

surface area, this MXene-based neural interfaces displayed low impedance, good sensitivity 

for neural signals, and high spatiotemporal resolution. Besides serving as biocompatible 

electrodes, the MXene family of materials may also yield high power density energy storage 

systems for bioelectronics.

6. Organic conductor-based bioelectronics

The synthesis of conducting materials that are highly flexible while maintaining mechanical 

integrity remains one of the most challenging aspects facing bioelectronics to date. Organic 

conducting materials, including conjugated polymers and hydrogels, can be more 

biocompatible and easier to fabricate compared to most inorganic materials.448 For 

hydrogels, in particular, their Young's moduli and water content are much closer to those of 

biological tissues, allowing them to form more compliant biointerfaces while at the same 

time, providing satisfactory electrical performance via ionic conduction.71, 449 While many 

conductive polymers have been identified for applications in flexible electronics,450 only a 

few have been used for bioelectronics. Current research focuses almost entirely on three in 

particular: Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), 

polypyrrole (PPy), and polyaniline (PANI).289, 451 The characteristics of these polymers are 

summarized in Table 3.

6.1 PEDOT:PSS

Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate), or PEDOT:PSS, is a polymer 

mixture formed of two ionomers that has proven to be one of the most promising conductive 

polymers for bioelectronics. PEDOT synthesized through oxidative polymerization is 

conductive but insoluble in water. A counterion, PSS, is added to increase its dispersion and 

stability via Coulomb interactions therefore making it suitable for the synthesis of hydrogels.
452 PSS is an insulator, and the conductivity of the overall composite is determined by the 

PEDOT crystallinity. This combination offers numerous advantages in terms of 

processability and biocompatibility. Whereas conventional hydrogels are generally poorly 

conductive, PEDOT:PSS hydrogels possess a highly tuneable electron and ion conductivity 

using a variety of dopants, which either add or remove π-electrons from the polymer matrix.
453, 454

6.1.1 Chemistry-enabled conductivity, stretchability, and adhesion

One of the challenges in PEDOT:PSS chemistry is managing the strong π-π interactions that 

are necessary to achieve conductivity. Most PEDOT:PSS materials are prepared as 

composites, with additives such as poly(vinyl alcohol),455 acrylamide,456 and polyacrylic 

acid457 allowing for the formation of hydrophobic fibers to minimize unfavourable 

interactions in their structure. Yeon et al. found that blending dodecyl sulfate to PEDOT:PSS 

aqueous solution enhances the conductivity by selectively removing insulating PSS, 
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increasing interconnectivity between conductive PEDOT cores.458 This technique allowed 

them to achieve high conductance materials that can be blended with fabrics and used as 

Joule heaters for thermal stimulation. However, such additives could potentially compromise 

the electrical properties of the polymer, so an alternative approach is to fabricate 

PEDOT:PSS as a thin film and then transfer and fix it onto other elastic substrates, e.g., 
PDMS. This preserves the high conductivity of native PDMS, while also providing the 

additional mechanical stability offered by the presence of the substrate. Numerous transfer 

printing methods have recently been reported that could enable high-throughput synthesis of 

such devices.459–462

An important merit of organic bioelectronic devices is their ability to withstand mechanical 

stress and maintain their useful properties under deformation. While PEDOT:PSS can only 

sustain near 2% stretching, modification using dopants and copolymerization permits high 

composite flexibility. For example, Cuttaz et al. demonstrated that the combination of PU 

and PEDOT:PSS formed a conductive elastomer that integrated the flexibility of PU and the 

conductive properties of PEDOT:PSS.463 It was shown that these materials could be directly 

laser micromachined into devices with comparable performance to Pt arrays in in vitro 
experiments. Additionally, the conductive properties of PEDOT:PSS can stimulate and 

promote tissue regeneration. In recent work, Iandolo et al. demonstrated 3D printed scaffold 

made of conductive polymer-based composites that support bone regeneration and showed 

the proof of concept using human fetal mesenchymal stem cells.464

Most dopants are capable of improving either mechanical or electrical properties, but not 

both. To resolve this issue, Wang et al. proposed the application of additives called 

stretchability and electrical conductivity (STEC) enhancers, taking inspiration from a 

styrene-ethylene-butylene-styrene block copolymer elastomer structure.465 The authors 

suggested that properly chosen STEC enhancers can weaken the PSS interaction with 

PEDOT, softening PSS domains while promoting high conductivity and crystallinity in the 

PEDOT network (Fig. 17a). This architecture yields a stretchable and conductive 

PEDOT:PSS-based material. They identified numerous potential STEC enhancers such as 

sodium dodecyl benzenesulfonate, dioctyl sulfosuccinate sodium salt, and 

bis(trifluoromethane) sulfonamide lithium salt. The PEDOT:PSS films thus obtained achieve 

conductivities up to 4100 S⋅cm−1 under 100% strain. They validated the utility of the 

material by fabricating interconnects for electrical devices that preserve the conductivity 

under mechanical stretch and large deformations (Fig. 17b). In another example, D-sorbitol 

was used as both a secondary dopant and plasticizer to improve biocompatibility and to 

permit conductivities higher than 1000 S⋅cm−1 under strains greater than 60%.466 D-sorbitol 

can form hydrogen bonds with the hydroxyl groups of polymers such as PEDOT:PSS, 

promoting phase segregation and increasing the overall stretchability of the material, as well 

as inducing conformational changes for the formation of conductive PEDOT chains. Overall, 

research focusing on the stretchability of PEDOT:PSS has focused on partially reducing 

connections within the PEDOT:PSS matrix while either maintaining maximum PEDOT core 

interaction or substituting ionic additives to make up for reduced intrinsic PEDOT 

conductivity.
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Since additives can impair material homogeneity and invite possible cytotoxicity, synthetic 

strategies to increase the purity of PEDOT:PSS are desirable. Synthesis of pure PEDOT:PSS 

hydrogels under regular conditions is challenging due to the collapse of the fibrillar 

structure, which decreases the conductivity (Fig. 18a). Lu et al. have developed a method to 

synthesize pure PEDOT:PSS while retaining its stability, elasticity, and conductivity.467 

They were able to form interconnected and pure PEDOT:PSS nanofibrils by the addition of 

DMSO to aqueous PEDOT:PSS, dry annealing, and rehydrating. During this process, drying 

the solution concentrated the PEDOT:PSS and annealing at high temperatures induced 

recrystallization and chain rearrangement (Fig. 18b). This results in a dry, phase-separated 

system that, when maintained in a well-spaced network, remains interconnected once the 

hydrophilic PSS domains are rehydrated. The mechanical properties of these gels can be 

tuned by varying the amount of DMSO and method of dry annealing (Fig 18c). Importantly, 

this technique is compatible with inkjet printing and allows for fast pattern fabrication (Fig. 

18d).

Finally, to enable adhesive properties, a mussel-inspired PEDOT:PSS composite was 

recently synthesized by Gan et al. by using PEDOT:PSS and polydopamine-reduced 

sulfonated graphene oxide (PSGO). The material was highly elastic, redox-active, and 

strongly adhesive due to the abundance of catechol groups that can effectively interact with a 

range of substrates. Its utilities in bioelectronic applications was demonstrated by recording 

a range of bioelectrical signals using both epidermal and implantable electrodes.468

6.1.2 Chemistry-enabled functionalities in electrochemical transistors—Ion-

gated organic electrochemical transistors (IGTs) are promising in bioelectronics, however 

most IGTs operate only in depletion mode (are conductive under zero bias) and are not 

suitable for sensitive recordings. Fabrication of enhancement mode IGTs (e-IGTs) requires 

nontrivial chemical modifications, which often make the device hydrophobic, unstable or 

cytotoxic, therefore compromising its biocompatibility. To address these challenges, Cea et 
al. devised a composite of PEDOT:PSS with polyethylenimine (PEI) to realize a 

biocompatible e-IGT.469 Main components of the active channel in the new e-IGT are 

PEDOT:PSS, PEI and ᴅ-sorbitol. ᴅ-sorbitol was used as a biocompatible stabilizer to 

increase hydration and mobility of ions, but novel electrical properties come from the 

interaction between PEDOT:PSS and PEI (Fig. 19a). PEI causes electron transfer and 

reduction of PEDOT through formation of PEI:PSS complexes and causes de-doping in 

PEDOT which loses its conductivity. Upon application of gate bias, PEI gets protonated and 

releases PSS, which upon binding with PEDOT, restores conductivity in the channel. The 

resulting material is highly stable and the redox reaction ideally reversible.

The obtained materials can be easily fabricated using a standard lithographic approach to 

form thin and flexible membranes (Fig. 19b). The applicability of e-IGTs was validated by 

recording a number of different bioelectronic signals (Fig. 19c). To demonstrate long-time in 
vivo biocompatibility, soft circuits made of depletion and enhancement IGTs were used for 

nonlinear signal amplification of high-fidelity detection of epileptic discharges (Fig. 19d). 

Such local nonlinear amplifiers showed both a high response rate as well as improved 

detection quality over classic thresholding methods (Fig. 19e). The devices were stable for 

over two weeks after implantation and provided high quality recording from freely moving 
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animals. This study is an excellent example of how chemical principles can be applied to 

realize new functionalities while at the same time preserving the stability and 

biocompatibility of the device.

6.2 PPy

Polypyrroles (PPy) offer similar advantages as PEDOT:PSS for conductive, organic 

bioelectronics. When oxidized, PPy becomes conductive because of delocalized π-electrons 

in a conjugated double bond network along the polymeric nanofibrils. Furthermore, they are 

highly biocompatible and environmentally stable. Ease of synthesis, thermal stability, and 

biocompatibility make this material uniquely useful for bioelectronic applications. PPy is 

typically synthesized as monolithic sheets that are highly conductive and accrue significant 

actuation strain after the application of an electric current. Therefore, PPy can also be used 

for electrochemically induced strains in the fabrication of artificial muscles or 

mechanomodulation.470 Additionally, PPy can be synthesized through photopolymerization, 

and free-standing structures can be fabricated using methods of 3D additive 

manufacturing471 and two-photon polymerization.472 One of the drawbacks is the high 

sensitivity of PPy to the pH of the environment and the strong correlation between 

protonation level and conductivity. In order to address these difficulties, different PPy 

microstructures were evaluated, and it was found that conductivities of nanotubular 

structures were up to ten times stronger than for globular PPy, even in body pH levels.
473, 474

6.2.1 Chemistry-enabled adhesion—PPy films are intrinsically stretchable but do not 

easily adhere to cells and tissues. Texidó et al. found that doping PPy with hyaluronic acid 

strengthens the composite’s adhesion to stretchable materials such as PDMS, offering an 

alternative means to create stretchable PPy-based conductive devices.475 Another report 

shows strong dependence of hyaluronic acid molecular weight on its adhesive properties 

with higher molecular weight providing improved adhesion, higher electrochemical activity 

and lower impendence of the bioelectrodes.476 A dopant-free solution for achieving strong 

adhesion is direct PPy polymerization on a porous PDMS surface that has been pre-activated 

using UV/ozone oxidation. With this technique, Tsao et al. built stretchable devices on three-

dimensional PDMS substrates that have high stretchability and stable conductivity, and 

which can be used for measuring stretching forces.477

One issue that consistently arises is that conductive polymers generally become hydrophobic 

once optimized for their conductive, optical, and elastic capabilities. For bioelectronics, it is 

important that a material be self-adhesive and interface well with a biological tissue. Recent 

research has focused on the synthesis of PPy composites, incorporating additives to improve 

its hydrophilicity. Han et al. found that incorporating polydopamine (PDA) via in situ 

formation of PDA-PPy nanofibrils (Fig. 20a) within a polyacrylamide matrix increases its 

overall hydrophilicity while retaining transparency and its electronic properties.478 They 

found that functional groups on PDA bond with water molecules while its catechol groups 

form a complex with PPy, creating an electrically functional (Fig 20b), hydrophilic 

composite device capable of transmitting 70% of the visible spectrum (Fig. 20c and d). The 

material can withstand strains exceeding 2000% and adheres with ease to the human skin 
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tissue, which was demonstrated by the fabrication of electrodes for MCG and ECG. Beyond 

copolymerization, deposition of adhesive biomolecules has shown promise for increasing 

PPy adhesion. Jang et al. demonstrated a method to immobilize Arg-Gly-Asp peptide on the 

electrode surface using electrodeposition.479 By varying electrodeposition time, they 

achieved high control over peptide surface density without significantly affecting the 

electrical impedance of the electrode. Material adhesion properties were quantified using in 
vitro biointerfaces with human mesenchymal stem cells.

To accurately sense or stimulate a desired target molecule or cell, the device must be able to 

integrate with that target specifically. This issue led to the development of methods for 

targeted adhesion. One method for obtaining targeted adhesion can be the integration of 

antibodies or biomolecules with the materials. Golabi et al. used 4-N-Pentylphenoboronic 

acid as a functional dopant with PPy to specifically increase its affinity towards diols.480 

Boronic acid interacts with cis-diol to form cyclic esters and interfaces well with PPy, thus 

making it an ideal candidate to create PPy devices that selectively interact with organisms 

with sugar-rich membranes like bacteria. Golabi et al. further researched PPy bacterial 

differentiation using a variety of ion dopants. They found that adhesion of specific bacterial 

strains can be modulated by changing the dopant type.481 This material allowed the creation 

of a new method of label-free bacterial differentiation. Further studies will focus on 

electrical modulation or stimulation for bacterial adhesion, which might prove useful for 

monitoring of bacterial population in mixed culture. This, in turn, could be used in a clinical 

setting, e.g., for monitoring the gut biome.

6.2.2 Chemistry-enabled dynamic substrates—Electroactive properties of PPy 

were recently used to study mechanotransduction at the nano-biointerface in mesenchymal 

stem cells. The Jiang group used template-free electropolymerization to obtain PPy 

nanotubes array on a titanium substrate (Fig. 21a).482 In this material, during the 

electrochemical reduction/oxidation cycle, the morphology of the interface switches between 

nanotubes and nanotips (Fig. 21b).482 This morphological change allowed them to cycle the 

interface between the highly adhesive hydrophobic surface and poorly adhesive hydrophilic 

surface, providing attachment and detachment stimuli to MSCs. The stimulation effectively 

changed the distribution of actin filaments (Fig. 21c), cell surface area (Fig. 21d), and 

caused nuclear translocation (Fig. 21e). Such geometric stimulation may be used in the 

future for smart materials promoting tissue regeneration.

Electrostimulation with PPy-based conductive hydrogels was also recently used to treat 

spinal cord injury. Zhou et al. were able to cross-link PPy with tannic acid (TA), a plant-

derived polyphenol commonly used in many medical products due to its antioxidant, 

antibacterial, and anti-inflammatory properties.483 Optimization of TA content allowed the 

authors to obtain a hydrogel with low Young's modulus and conductivity matching that of 

the native spinal cord. In vitro studies showed that the hydrogel stimulates differentiation of 

neural stem cells, while at the same time suppressing the development of astrocytes. In vivo 
studies in mice models of spinal cord injury showed that hydrogel implantation promotes 

tissue regeneration and leads to significant recovery of neural connectivity. PPy films were 

also successfully used for controlled drug delivery. PPy films were successfully loaded with 

dexamethasone484 and salicylate485 and used for electrically controlled delivery. In an 
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interesting study, Antensteiner et al. developed a method of fabricating PPy conductive 

microcups through PLGA microsphere templating.486 These cups possess a unique 

morphology and could possibly be used for electrical stimulation, drug release, and 

mechanomodulation.

6.3 PANI

Polyaniline (PANI) is another conductive polymer that has been extensively studied for its 

applications to bioelectronics. PANI is a low-cost, easily synthesized alternative to other 

conductive polymers with comparable mechanical stability and electrical properties. Early 

reports indicated poor biocompatibility with PANI but further investigation shown that this 

arose from the presence of residual monomers and acid catalysts.487 Studies using optimized 

synthetic protocols have shown that pristine aniline, especially in a base form, is 

biocompatible and free of embryotoxicity.488 Similar to other conductive polymers, PANI 

can be produced as a freestanding film, or as composites doped with secondary materials.

6.3.1 Chemistry for material processing—Compared with other conductive 

polymers, PANI has some limitations towards its use in bioelectronics, namely low solubility 

in many solvents and reduced conductivity in higher pH environments. Crystalline 

nanocellulose (CNC) can be used for PANI stabilization as its surface is rich in the hydroxyl 

groups, which stabilize the polymer structure. Razalli et al. showed that a polyaniline-

crystalline nanocellulose (PANI-CNC) composite protonates in neutral environments, which 

allows it to be conductive in nearly neutral pH environments typically found in biological 

systems.489 CNC is also an appealing material for biointerfaces due to its natural 

availability, biodegradability and biocompatibility, which are discussed further in Section 

7.5.490 Another example of a biocompatible dopant is gelatin methacrylate. It is especially 

attractive for developing transient biointerfaces as it maintains a stable structure for about 4 

weeks and completely degrades in about 6-8 weeks in cell culture media.491 Recently 

gelatin-PANI nanofibers co-doped with camphorosulfonic acid were fabricated by 

electrospinning and used to stimulate and direct the growth of C2C12 myoblast cells. A 

combination of electrical and mechanical cues for directing cell growth might prove useful 

for applications in tissue regeneration.

6.3.2 Chemical stabilization—Maintaining the electric integrity of conductive 

polymers over time is critical for the use in implant fabrication. In cell cultures, PANI has a 

tendency to lose dopants in a process called de-doping. Furthermore, if composites are 

washed off and polymer exposed to body fluids, the pH is sufficient to deprotonate amine 

groups of PANI, which will significantly impair its conductive properties. Preventing this 

unwanted alteration has been the focus of recent research. For example, Mawad et al. created 

degradation resistant PANI by immobilizing phytic acid, the dopant, using a prefabricated 

chitosan film.492 Phytic acid is anionic and interacts with the positively charged amine 

groups of both chitosan and PANI and thus is immobilized via coulombic interaction. This 

material was used to create a suture-less conductive patch that survived in vivo for two 

weeks. This phytic acid doped PANI/chitosan material was later utilized to develop a 

bioelectronic patch which can couple with a damaged cardiac tissue. The patch alters heart 
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electrophysiology, enhancing conduction velocity across damaged cardiac walls with 

minimal invasiveness and only mild inflammation. 493

6.3.3 Genetically assisted chemical assembly—Presently, even cutting-edge 

chemical tools do not allow for the fabrication of structures that can match the structural 

complexity of biological systems, and there is no implantation strategy that can lead to 

precise placement and integration of bioelectronics. To address these challenges, new routes 

to self-assembled bioelectronics have to be devised. Recently, Liu et al. developed a method 

of selective in situ modification of cell membranes with conductive polymers guided by the 

expression of a catalytic enzyme.494 Classically, PANI is synthesized under oxidative and 

strongly acidic conditions. To create biocompatible reaction conditions, target cells were 

transduced with humanized ascorbate peroxidase Apex2 using adeno-associated virus 

vectors (Fig. 22a). Additionally, to further lower polymerization potential a mixture of 

monomer and dimer of aniline in 1:1 molar ratio was used as a substrate for directed 

polymerization (Fig. 22b). It was shown that this strategy allows for selective and efficient 

modification of neuronal membranes in vitro. Besides, subsequent doping of PANI with p-

toluenesulfonic acid can significantly increase the conductivity of polymer structures. Also, 

the enzymatic system allows for synthesis of other polymers such as conductive PEDOT and 

insulating poly(1,1’-diaminobenzidine) (PDAB).

Patch clamp experiments have allowed for a thorough characterization of electrophysiology 

during polymer modification. It was shown that modification of neurons with conductive 

PANI increased their membrane capacitance and decreased spike number (Fig. 22c), while 

modification with insulating PDAB had the opposite effect (Fig. 22d). This method was 

proven successful when applied to cultured brain-slices and freely moving animals. In the 

former case, either excitatory or inhibitory motor neurons of Caenorhabditis elegans were 

genetically modified with Apex2 protein and PANI was selectively deposited. This 

procedure resulted in alteration of motor functions of an animal consistent with previous 

studies using optogenetics.495 Although the present work leaves the open questions of 

cytotoxicity of monomers and side products of radical oxidation reactions, it represents an 

important direction in the field of organic conductors. The presented methodology is 

especially important as similar in situ synthesis and directed self-assembly methods are 

likely to be developed for the inorganic materials.

7. Outlook – New Chemistry Aspects in Bioelectronics

The study of bioelectronics is, by its nature, highly interdisciplinary in that it draws from 

most areas of the physical and life sciences. In this section, we provide a small sample of 

new developments in chemistry that are of interest to bioelectronics. While each of these 

topics is a large and active area of research in its own right, we have selected a number of 

key topics that are particularly relevant.

7.1 Mechano-biochemistry

A major component of how an organism biologically adapts to its environment comes from 

the mechanical interactions between the two.496–498 As such, the field of mechanobiology 

shares some overlap with bioelectrical investigation, as both fields require an understanding 
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of how physical stimuli can be translated into biochemical signals and vice versa. While the 

explicit study of coupling between bioelectricity, biomechanics, and biochemistry remains 

relatively uncommon,499 a number of highly relevant questions arise from considering the 

intersection of these fields. Here, we will examine the salient cell level processes where 

bioelectronics may be employed. This includes both mechanosensing as well as the 

processes by which cells generate and distribute mechanical forces (Fig. 23).

Cells employ a variety of methods for sensing the mechanical characteristics of their 

physical environments. This allows them to perform such functions as sensing the stiffness 

of their substrate,500 responding to stretching501 and shear flow,502, 503 and detecting local 

topography,115, 504 among others. Cells are also out of thermodynamic equilibrium by 

definition, and they actively move, change shape, and transmit forces to their local 

environments. A vast array of interlinked biochemical pathways function to transduce 

mechanical stimuli to chemical signals and back again to mechanical outputs. Within this set 

of pathways, we can construct a minimal mechanical model of a cell using a number of 

candidates that emerge as ideal targets for integration with bioelectronics.

We begin with the calcium ion, Ca2+, for a number of reasons. First, Ca2+ is a ubiquitous 

and well-studied secondary messenger, i.e., calcium signaling is integrated into a vast array 

of biological functions. This is true of mechanical functions where, depending on cell type, 

calcium can induce cell contractions, modulate membrane waves,505 and coordinate cell 

migration during development.506, 507 Second, biocompatible Ca2+ sensitive dyes are readily 

commercially available, so that monitoring of intracellular Ca2+ concentration is fairly easy. 

Finally, it is an appealing target for bioelectronic devices, as many excitable and non-

excitable cell types possess voltage-gated calcium channels, such that devices may alter 

calcium signaling directly, through membrane potential modulation, or through alternate 

means, such as the optocapacitive mechanism.65

The actomyosin cytoskeleton constitutes the unifying machinery for cell mechanics. The 

globular protein actin assembles into long filaments (F-actin) that provide the basic 

structural integrity of the cell (Fig. 23). Forces are generated both from the ATP-driven 

polymerization and depolymerization of F-actin508 and by myosin, a molecular motor 

protein that forms contractile units with F-actin. Recent work has tracked the diffusivity of 

single charged particles, and from those results highlighted an aspect of the cytoskeleton in 

producing heterogeneities of intracellular mechanical and electrical characteristics.44 These 

results also point to the possibility of perturbing cytoskeletal architecture using electric 

fields alone. This may be achieved by manipulating actin509, 510 or other cytoskeletal 

filaments.511, 512 Another possibility is to alter molecular motor transport through 

bioelectronic means. To do so, we must consider where pathways involved in bioelectrical 

signal transduction intersect with mechanotransduction pathways.

Two of the best-studied regulators of cell mechanics are RhoA and YAP/TAZ (Fig. 23). 

RhoA, a small GTPase, regulates cell contractility by acting on the rho kinases ROCK1 and 

ROCK2, which phosphorylate myosin light chains and thereby induce contractions. Stresses 

are transmitted from the cytoskeleton to the substrate at focal adhesion complexes, where 

RhoA and ROCK activity is enriched.513, 514 Yes-associated protein (YAP) and 
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transcriptional coactivator with PDZ-binding motif (TAZ) respond to mechanical cues – 

high cell density,515 low cytoskeletal stress,516 or substrate stiffness516 – by translocating 

from the nucleus to the cytoplasm. YAP/TAZ are effectors of the Hippo signaling pathway,
517 and when present in the nucleus they encourage cell spreading and proliferation.518 The 

Linker of Nucleoskeleton and Cytoskeleton (LINC) complex couples the cytoskeleton to the 

nucleus and thus enables mechanotransduction.519, 520 These core regulators of cell 

mechanics intersect with bioelectronics through calcium. Like RhoA, Ca2+ is upstream of 

myosin light chain kinase521 and other regulators of contractility,522 and calcium is 

necessary to stabilize cell-cell adherens junctions, so Ca2+ dynamics can influence how cells 

sense their environments. There also exists a wide variety of other pathways that putatively 

transduce electric fields into a number of mechanical and morphological outputs, including 

wound healing,523 angiogenesis,524 and cell motion directionality.525

The Piezo channels are of particular relevance to bioelectronic and biomechanical 

applications. Piezo proteins function as stretch-activated pores of ion channels, allowing ion 

flux when their associated bilayer is under tension.526, 527 They are evolutionarily 

conserved528 and broadly important to physiology: they are necessary components in 

vascular development in mice,529 stem cell differentiation,530 and mechanotransduction in 

light touch sensing.531 Interestingly, Piezo channels also display a voltage-sensitive 

functionality that is also well-conserved.528 Positive applied voltages increase the 

probability of a channel being open, and they also allow the channel to retain sensitivity 

after several mechanical impulses.528 As such, Piezo channels are appealing targets in 

bioelectronics, both as potential targets for modulation, and as major components of 

electromechanically coupled machinery in cells.

Nano-biointerfaces can perturb the mechano-biochemistry just described through a number 

of ways. One potential route to modulation is the material properties of the bioelectronic 

devices, such as stiffness532–534 or topography.115, 504, 535 Exogenous impulses are also 

viable candidates. Recently, electric fields were shown to induce alignment in the traction 

stress field of epithelial monolayers,536 and Si nanowires with photoelectrochemical 

functionality have been applied to control beating in cardiomyocytes.62, 130 Furthermore, 

electrically conductive cell coatings have been explored in the specific instance of graphene 

sheaths around cells.537 Mechanical changes, for instance, cell shrinking, induce wrinkles in 

the coating that alter the conductivity, allowing shape deformations to be tracked in a 

manner somewhat reminiscent of traction force microscopy.538 We anticipate further 

investigations to explore coupling in the opposite direction, that is, using electrically active 

substrates or coatings to induce cell mechanical effects.38

7.2 Bioelectrical responses to acoustic, optical, and magnetic stimuli

To overcome the activation energy barrier, chemical reactions require energy inputs as a vital 

ingredient. This most often takes the form of thermal inputs, i.e., heating the reaction vessel, 

but it is not necessary to rely on thermal energy to enable reactions to proceed. Optical, 

acoustic, and magnetic inputs present other techniques for promoting reactions, with many 

methods offering good spatiotemporal control over these processes. Such precise control is a 

Fang et al. Page 44

Chem Soc Rev. Author manuscript; available in PMC 2021 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



key feature of the latest developments in bioelectronics, and as such, these methods all 

provide unique opportunities for integration with bioelectronic devices.539

7.2.1 Acoustic processes in bioelectrical chemistry—Sonochemistry, the field of 

study surrounding the interaction of acoustic vibrations and chemistry, came to prominence 

with the 1895 discovery of cavitation-induced damage to warship propellers.540 Ultrasonic – 

above 20 kHz – vibrations in fluids are capable of producing cavities on the scale of 

hundreds of microns. The collapse of these cavities, which have lifetimes of microseconds, 

induces local hot spots with temperatures of greater than 5000K and pressures exceeding 

1000 atm.541, 542 These extreme conditions facilitate a number of chemical reactions, 

frequently including the lysis of the solvent into radicals, e.g., the formation of hydrogen and 

hydroxyl radicals in water. While cavitation and collapse are not typically accompanied by 

bulk increases in temperature,543 the production of radicals is usually undesirable in 

biological settings. As such, sonochemical applications in bioelectronics tend to deviate 

from the “usual” picture of sonolytic reactions, and instead integrate other methods that use 

ultrasound as a trigger, or else consider lower-frequency vibrations.544

Ultrasound imaging is probably the most widespread use of ultrasound in medical 

technology.545–547 In its most basic form, the technique relies only on the reflection of 

ultrasonic waves from biological tissue.548 However, recent developments have incorporated 

the use of ultrasound-responsive contrast agents (UCAs). The basic design of UCAs consists 

of a thin shell, typically composed of phospholipids, albumin, or other surfactants, enclosing 

a gas bubble, which can consist of air, sulfur hexafluoride, or various perfluorocarbons.546 

The difference in impedance between gas and tissue can be up to 3000-fold, such that sound 

waves reflecting off of UCAs are considerably stronger than those reflecting off of tissue 

boundaries.546 Another interesting recent development in ultrasound-based imaging is the 

use of acoustoelectric imaging,549 which relies on changes in local resistivity introduced by 

pressure waves in any conductive medium.550, 551 Recently, this principle was employed to 

image across the skull and observe changes in current density enacted by deep brain 

stimulation therapy.552, 553 This raises the exciting possibility of electric field or 

electrochemical mapping of systems using noninvasive, surface-mounted bioelectronics.

Ultrasound has also been employed as a means to target drug delivery. A common means to 

achieving this comes from infusing certain types of UCAs, namely ones containing 

perfluorocarbon droplets, with a given drug.546 Perfluorocarbon droplets undergo a rapid 

expansion upon ultrasound exposure, from a droplet to bubble phase. This expansion is 

posited to aid in drug delivery by varying mechanisms, depending on the composition of the 

droplet shell. Lipid shell droplets are posited to fuse with cell membranes after expansion, 

which aids in the transfer of drugs from droplet to cell.554 Droplets based on block 

copolymers show similar phase-transition functions, but the mechanism of drug delivery is 

different in that the volume expansion results in the shell thinning rapidly. Drugs embedded 

in the shell, then, become more accessible upon ultrasound exposure.554, 555

Similar principles to those used in drug delivery have been employed to varying therapeutic 

ends, ranging from sonodynamic therapies556 to transient poration of various biological 

barriers for drug delivery.556, 557 Neural activity stimulated by focused ultrasound558 is an 

Fang et al. Page 45

Chem Soc Rev. Author manuscript; available in PMC 2021 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



especially exciting prospect, one that is further developed in recent reports of 

acoustogenetics, that is, systems that genes that encode responses to ultrasound for 

visualization559 or modulation557 purposes. As mentioned earlier in Section 3.2.2, focused 

ultrasound has also enabled light emission from mechanoluminescent QDs for local and in 
vivo optogenetics.231 A common theme throughout these techniques is the ability to deliver 

energy with good spatiotemporal localization and little energy loss through tissues. This 

makes them attractive candidates for integration with bioelectronic methods, which can be 

engineered to be orthogonal when interaction is not desired, and synergistic when it is 

useful.

7.2.2 Optical processes in bioelectrical chemistry—We have discussed 

extensively photochemistry in the context of electrical responses to light from organic and 

inorganic semiconductors and conductors in previous sections. Here, we consider several 

other areas of photochemical research that show promise for integration with bioelectronics.

a) Photoswitch.: Phototriggers are caged compounds that release their contents upon light 

exposure. Photon-driven uncaging for biological applications was first demonstrated using 

o-nitrobenzyl esters of cAMP560 and ATP.561 Since then, the field has seen the development 

of many different photolabile cages, which have been applied to selectively control the 

release of Ca2+, neurotransmitters, secondary messengers, DNAs, and RNAs, among others.
562, 563 Recent attention has also been cast on photoswitching mechanisms, in which the 

uncaging is reversible.563 Most applications of photoswitching compounds include 

azobenzene groups (Fig. 24), which can undergo a reversible cis-trans isomerization under 

UV illumination.564–566 Recently, a membrane-targeted photoswitch was developed, where 

photoisomerization elicited action potentials in vitro and in vivo (Fig. 24a).564 Molecular 

dynamics simulations and electrophysiology recording revealed a transient hyperpolarization 

followed by a delayed depolarization, a novel mechanism for neuromodulation (Fig. 24a).564 

Azobenzene-based materials also enabled photo-controllable adhesions (Fig. 24b).509 Other 

photoswitch candidates include norboradienes,567 spiropyrans,568 and systems of ketone 

electrophiles with amine/hydrazide nucleophiles.569

b) Optogenetics.: Optogenetics refers to a suite of techniques involving the genetic 

engineering of organisms to display light-responsive properties. It has seen a massive 

amount of interest since the early 2000s, when the phototransducer rhodopsin was employed 

to activate neurons,570 and the light-gated ion channel channelrhodopsin-2 was used to 

depolarize cells.571 Subsequent developments took advantage of ligand-gated channels and 

photocaged ligands, e.g., DMNB-capsaicin and DMNTE-ATP, to optically control the 

relevant channels.572 Since then, optogenetic methods have also been extended to the light-

oxygen-voltage (LOV) sensing domain of Avena sativa phototropin 1 (Fig. 25).573 In this 

method, light activation uncages a domain that interacts with PDZ domains; in effect, 

allowing optical control over protein recruitment. This method, dubbed tuneable light-

interacting protein tags (TULIPs), has been employed to great effect in studying cell 

mechanics by modulating actin severing by the protein cofilin,574 microtubule gliding 

assays,575 cell adhesion via switchable extracellular matrix,576 as well as force generation 

enacted via RhoA signaling.577, 578
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Because of optogenetics and other light-activated techniques in bioelectronics, the 

development of small, biocompatible light sources is of great interest. Micron-scale LEDs, 

for instance, have shown promise due to their small size and integrability,579 and they have 

been applied to neural modulation using optogenetics.580 They also function credibly as 

components of closed-loop systems,581 and have recently been validated for that purpose.4 

Such devices should also prove feasible for use in photoswitching and photouncaging 

applications, such as controlled neurotransmitter release.

c) Upconversion.: Upconversion is the process wherein two photons of low frequency are 

absorbed by a structure and a single photon of higher frequency is emitted. Upconverting 

nanoparticles (UCNPs) are typically formed through heavy doping of trivalent lanthanides, 

especially Yb3+ and Tm3+.582 UCNPs with these dopants are particularly useful in biology, 

as they can absorb from within the so-called NIR-I window at 700-950 nm, where light has 

the greatest tissue penetration depth.583 The emission wavelengths can then be tuned to 

various desirable wavelengths in the visible range.584 This property has been used to enable 

NIR vision in mice, by complexing UCNPs with rods and cones.535 UCNPs have also been 

applied in conjunction with optogenetics, to overcome the depth limit imposed by the 

allowable wavelengths for optogenetic functionalization.585

These applications do not specifically involve bioelectronics, but they present a general 

template that will undoubtedly prove useful in the future: NIR light is used to access deep 

tissues and is upconverted to higher frequency light by UCNPs acting as intermediaries in 

the relevant tissues. These higher frequency photons can then be used to trigger bioelectrical 

signal generation and transmission, increasing their versatility and reducing the invasiveness 

of the overall therapy.

7.2.3 Magnetic processes in bioelectrical chemistry—Historically, the influence 

of magnetic fields on chemical reactions has been assumed to be nonexistent for most 

practical purposes.586 With a few notable examples, namely the radical pair mechanism,
587–589 there is a paucity of proposed means by which external magnetic fields may inject 

enough energy into a system to induce an appreciable change in reaction outcomes or 

kinetics, particularly in the context of biochemical reactions.590 When measurable impacts 

of sub-Tesla magnetic fields have been observed, most notably in the case of enzymatic ATP 

synthesis rates,591 reproduction of these results has been elusive.592 The development of 

magnetic nanoparticles, however, has revitalized the possibility of magnetic stimuli to 

biology, with a few recent advances deserving particular attention.

Magnetic nanoparticles can be synthesized using a variety of metals and metal oxides, with 

iron, nickel, and cobalt being common choices.593 At room temperature, the magnetic 

moments of ferromagnetic particles below a material-dependent size threshold become small 

enough that they can be flipped by thermal fluctuations. They then have a net zero magnetic 

moment, but very high magnetic susceptibility (superparamagnetism).594 When a sample of 

particles are exposed to an alternating magnetic field (AMF), typically at radio frequencies, 

the induced oscillations have a heating effect that has been employed to kill cancer cells 

(magnetodynamic therapy),595 as well as activate transient receptor potential (TRP) 

channels.596 This TRP activation has been further applied to stimulate neurons both in 
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vitro60, 596 and in vivo.60, 597 Recently, an elegant design was demonstrated for the 

remotely-controlled chemomagnetic modulation of neurons, where thermally-responsive 

liposomes (phase transition temperature, 43 °C) released chemical payloads (e.g., 
hM3D(Gq) ligand clozapine N-oxide, endogenous dopamine receptor D1 agonist) upon 

AMF application (Fig. 26a).61 This has allowed for magnetically-triggered motivated 

behaviors and sociability in mouse models (Fig. 26b). Magnetic nanoparticles with other 

shapes, such as hollow ones have been engineered for magnetically controlled drug release.
593, 598 These examples highlight the recurring theme of novel forms of energy input to 

spatiotemporally control drug release.

7.3 Biomimetic Chemistry

Biomimetic materials comprise a large and active area of interest, focused on materials that 

aim to replicate some facet of biology. Some biomimetic materials are designed to only 

match a specific property, for example, soft substrates that approximate in vivo extracellular 

matrix more closely than glass599 but are otherwise quite chemically different from their 

biological counterparts. On the other hand, there exist biomimetics that are nearly identical 

to biological substances but for certain key differences, such as peptoids, which contain 

similar backbone structures to polypeptides but whose chemistry is entirely altered by 

having side chains substituted on backbone nitrogen atoms instead of alpha carbon atoms.
600, 601

A key advantage offered by biomimetic materials is that, by their definition, they are based 

on designs that have been well-validated over the entire history of evolution. For 

bioelectronic applications, there is the additional benefit of their being more likely – 

although not guaranteed – to integrate nondestructively with biological targets. Despite this 

promise of reduced invasiveness, they may also be more resistant to biological degradation 

and able to operate in environments not accessible to strictly natural substances. For 

instance, certain biomimetics may operate in extreme temperature or pH conditions. Finally, 

many biomimetics are adaptable in two senses of the term. In one sense, the modular nature 

of biomimetic polymers enables large and versatile design spaces. In the other sense, they 

can also yield devices that automatically adjust themselves to suit their environments. This 

latter possibility was recently demonstrated with an artificial heart valve that adjusts its 

shape to maintain functionality with pediatric patients as they grow (Fig. 27a and b).602

Considering the fascination Michael Faraday had with electric eels,603 it is perhaps fitting 

that researchers have recently turned to electric eels (Fig. 27c) as inspiration for next-

generation power sources.604, 605 Briefly, Electrophorus electricus supports the production 

of potential differences up to 600 V and short-circuit currents near 1 A,606 with stacks of 

electrocytes – electrically active cells. The functionality of electrocytes comes from their 

ability to selectively modulate Na+ and K+ ion channel activity at the anterior and posterior 

ends. During activation, K+ efflux is reduced at the posterior end only, while Na+ influx is 

increased at the same region. This alters the total transcellular potential, that is, the potential 

across both the posterior and anterior areas, to about 150 mV. To recapitulate this behavior, 

the authors of a recent report designed a sequence of four hydrogels that contain alternating 

high concentration NaCl and low concentration NaCl, interdigitated by cation selective and 
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anion selective gels that act as semipermeable membranes. When the full sequence of gels is 

placed in contact with each other, Na+ flows through the cation selective gel and Cl− flows 

through the anion selective gel, so that the resulting potential across the entire series was 

observed as high as 185 mV. While the total size of these biomimetic hydrogel stacks is not 

yet competitive with the size of the electrocytes that inspired them, these results are 

encouraging.

In the case of electronic plants, the “biomimetic template” is literal, rather than aspirational 

– plant structures are used as part of the fabrication process. This allows for the complex 

interlocking designs of plant structures to be replicated comparably easily. One example of 

this is seen in the production of conductive xylem wires and logic gates, made by immersing 

a cut rose in PEDOT-S:H solution.607 Such designs have also been employed to create plant 

tissue/conductive xylem supercapacitors.608 As the field of biomimetic and bioinspired 

materials continues to grow, there are certain to be similar keen analogies drawn between 

what biology already does and what can be incorporated into bioelectronics design.

7.4 Bioelectrocatalysis

The field of bioelectrocatalysis is drawing growing interest, as it promises to yield renewable 

energy materials that are also environmentally sustainable in their manufacture. Much of the 

focus of this field has centered on systems that function like either biomass fuel cells or solar 

energy.74, 609 Both approaches rely on similar components, namely, an electrocatalytic site, a 

means of charge transport to the electrode, and the electrode itself. Redox proteins and 

cofactors use a wide variety of both organic and metal centers in electrocatalysis, enabling 

the use of H2, glucose, or light as energy sources.

Electron transfer – from redox site to electrode – is the key process in bioelectrocatalysis 

(Fig. 28a). Under certain circumstances, namely that the distance from redox site to 

electrode is less than 2 nm,75 electrons can transfer directly from one to the other. This 

mechanism is called direct electron transfer (DET). While DET systems thus require less 

components than other strategies, the distance requirement places major restrictions on the 

design of the electrocatalytic site and the electrode, and the overall throughput is limited to 

what can be achieved with a single layer of sites.74, 75 This restriction can be partially lifted 

by direct wiring of redox sites and electrodes, which has recently been demonstrated using 

metalloprotein-prion domain protein chimera nanowires (Fig. 28b).610 Such methods, 

however, come with the caveat that such wiring schemes entail additional complexity for the 

system. Mediated electron transfer (MET) uses redox mediators to shuttle electrons from 

electrocatalytic site to electrode. This opens up the list of viable redox proteins, as mediators 

can access cryptic redox sites,74 and allows for more redox sites per electrode area. Designs 

using MET also frequently make use of inert polymer media, which can improve the 

stability of the overall device.74

Finally, the electrode selection can also have an impact on electrocatalytic performance. 

Surface chemistry, for example surface wettability (Fig. 28c), and topography each play 

important roles in ensuring good contact between the electrocatalyst and electrode.75, 611, 612 

Additionally, the bioelectrochemical reaction may only take place on certain substrates, e.g., 

with microbes that harvest energy through iron oxidation or sulfate reduction.613
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7.5 Biologically derived materials for bioelectronic systems

Recent years have seen a growing interest in materials that can be derived directly from 

biological sources, including plant biomass and animal sources. This owes itself to several 

factors. First, the raw materials are readily available: the primary components in plant 

biomass, cellulose and lignin, are among the most abundant biopolymers on the planet. 

Chitin, which is obtained from fungal, arthropod, and other sources, is also ubiquitous. As 

such, they are inexpensive and easy to procure. Additionally, they are derived from 

renewable sources, and the raw materials are biodegradable, making the manufacture of 

biomass-based materials potentially more environmentally friendly than fossil or mineral 

materials.

Cellulose is composed of β-1,4 linked D-glucose subunits (Fig. 29a). In many plant cell 

walls, cellulose is synthesized into nanofibers, which can vary in organization from species 

to species.614 Processing of these plant materials can yield additional nanostructures, with a 

great deal of recent attention focusing on cellulose nanocrystals. On its own, cellulose and 

its derivatives are good insulators, however, the high concentration of surface hydroxyl 

groups allows for a number of functionalization techniques that can endow such materials 

with capabilities relevant to bioelectronics. Nanocellulose materials integrated with carbon 

nanomaterials (nanotubes and graphene) have yielded flexible supercapacitors with high 

capacitance retention, even after being subjected to large deformations.615–617 Likewise, 

nanocellulose has been combined with conductive polymers PPy (Fig 29b), PANI, and 

PEDOT to yield supercapacitor devices.618–621 Such supercapacitors are immensely useful 

in bioelectronics, primarily as energy storage devices.622 To that end, they have been used in 

wearable technologies, integrated into clothing, and implanted.623

The structure of lignin is considerably more variable than that of cellulose: whereas the latter 

is well-defined as a polymer of glucose, the structure and molecular composition of lignin is 

highly heterogeneous (Fig. 29c and d). Nevertheless, its abundance and structural properties 

make it an attractive target for bioelectronic devices. As a photocatalyst, lignin hybrids with 

ZnO, TiO2, CeO2, and CuO have been found to improve photocatalytic depollution.624 

Furthermore, lignin integrates well with conductive polymers for photovoltaic applications. 

The high content of aromatic structures in lignin and derivatives aid in hole transport, a fact 

that has been exploited to improve performance in PEDOT-based photovoltaics.625, 626 Like 

nanocellulose, lignin nanofibers have also served as a structural basis for supercapacitor 

devices.627, 628 Although we are not aware of any biological applications of lignin-based 

photocatalysts or photoelectrochemical stimuli in the existing literature, these materials 

show promise as low-cost devices that may enhance biological integration compared to 

artificially derived substrates.

Other biologically derived materials for electronics include chitosan, as well as reflectins 

and eumelanins obtained from cephalopods.629 Chitosan is a derivative of the 

polysaccharide chitin, which is among the most widely available biopolymers and is 

therefore a cost-effective and biocompatible material for bioelectronics.630 In the 

bioelectronic context, chitosan is frequently derivatized further into maleic chitosan and 

proline chitosan.631 Chitosan conductivity arises from proton mobility, so chitosans fall 

within the bioprotonics class of ionotronics.632, 633 As evidence of this, chitosan-based FET 

Fang et al. Page 50

Chem Soc Rev. Author manuscript; available in PMC 2021 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



devices have been fabricated on SiO2 with palladium hydride contacts used to measure the 

protonic current.634

Biopolymers derived from cephalopods have attracted considerable interest on account of 

the wide variety of intriguing material behaviors squid skin can demonstrate, including 

sophisticated thermal regulation635 and colour changing.636 Reflectins, which constitute a 

family of proteins that are only found in cephalopods, are the primary component 

responsible for colour changing.637 In addition to their applicability to adaptive colour and 

camouflage, reflectins have been coaxed into self-assembly to form nanoparticles and films.
638, 639 Studies of reflectin conductivity have found them to be bioprotonics,640 and they 

have been employed to form bioprotonic transistors.641, 642 Eumelanins comprise another 

protein family that can be found in cephalopod ink and also possess interesting electrical 

properties. In particular, hydrated thin films of eumelanins demonstrate conductivity that has 

been attributed to protonic conductivity as well as electrochemical reactions,643 that is, they 

are simultaneously bioprotonics and electrochemically active. The relative contributions of 

the protonic and electrochemical currents remain unclear, however, and it has been 

suggested that melanins behave as nearly purely protonic devices.644 Together with chitosan 

and reflectin, these three materials, which are all relevant to cephalopod physiology, 

compose a promising class of bioprotonics, and are likely to be incorporated into novel 

devices and materials with unique responsiveness.

7.6 Computational approaches to bioelectronics

Computational approaches have a long record of success in chemical and materials 

discovery. Large combinatorial libraries and high-throughput discovery techniques, for 

instance, take advantage of chemical information processing (cheminformatics) for both data 

handling and candidate identification.645–648 Similarly, in silico modeling of structures can 

rapidly narrow down a field of promising candidates, without requiring experimental 

validation for every possibility – a prospect that quickly becomes untenable as the size of the 

library grows.649 A functional example of this has been displayed with photoswitchable 

molecules, as discussed in section 7.2.2. In order to ensure that further experiments would be 

worthwhile, DiFrancesco et al. conducted molecular dynamics experiments to verify that 

their target molecule, Ziapin2, would integrate with cell membranes and still undergo cis-
trans photoisomerization.564

The incredible success of computational methods for electronic structure have enabled a 

more precise understanding and characterization of new developments in organic 

electronics, including organic semiconductors and photovoltaic.156, 650 The principles of 

“molecular design,” in which functional improvements arise from fine tuning of the relevant 

molecules, rely in part on our ability to efficiently compute the effects of modifications to 

various moieties of those molecules. Of particular interest to bioelectronic applications are 

the frontier orbital energies, solubility characteristics, and morphological stability of organic 

electronics.

Machines that are capable of learning have been actively studied since the 1950’s.651 

However, a series of high-profile achievements in the early 2010’s, coupled with the advent 

of practical implementations of deep learning,439, 652 have led machine learning (ML) to the 
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forefront of academic interest in recent years. Proposed and actual applications of machine 

learning techniques have proliferated in most areas of the physical and life sciences, from 

particle physics beyond the Standard Model653 to pathology diagnosis from medical images.
654, 655

As an illustrative example, we may consider neural decoding. Neural decoding is the process 

of converting records of brain activity into an understanding of both normal and pathological 

brain functions. As such, it relies heavily on signal processing, clustering, and other tasks 

ideally suited to machine learning.656 In principle, the information decoded by machine 

learning provides insights into the representational content of those signals. While this 

assertion is epistemologically suspect,657 such methods have produced functional results. 

For example, comprehensible machine-generated speech was recently derived from neural 

patterns,658 and the means to both control659 and receive660 sensory feedback from bionic 

arms have been reported. To further understand the architecture of the brain, we will require 

better means to measure neural signaling, therefore the future of neuronal decoding is 

intertwined with the development of bioelectronic sensors.

With the goal of more precisely tuneable bioelectronics – both in terms of design and effect 

– in mind, machine learning has shown great promise in this field. Recently, ML has been 

combined with molecular dynamics simulations to obtain structural and material properties 

of amorphous Si at low computational cost compared to ab initio methods.661 Similarly, ML 

has been employed to devise an interatomic potential for Si that improves on empirically 

derived force fields in describing a number of observable properties, e.g., phase changes by 

different mechanisms.662 ML has also been used to predict sets of structures that will be 

similar and stable under given thermodynamic constraints.653, 663

7.7 Living bioelectronics

Continued progress in bioelectronics and related areas of research has led to developments 

in a nascent field that combines biological cells with electronic systems in a genuinely 

synergistic fashion. This field of “living bioelectronics,” also referred as “biohybrid robots” 

in the literature,664, 665 promises to combine the strengths of artificial robots – information 

density, reliability, and processing speed – with the strengths of biology – error-tolerance, 

energy-efficiency, and dynamic responses.666 Currently, there is a good deal of attention on 

the development of reliable and scaleable actuators for living bioelectronics. There are a 

number of proposed paths towards this goal, ranging from biomimetic composites of 

synthetic parts548 to self-assembling “tissues” of engineered cells.664, 665

The artificial approach makes extensive use of piezoelectric motors,667 shape memory 

alloys,209 and dielectric elastomers.668 There have been notable recent successes for 

piezoelectric669 and shape memory alloy-based209, 670 actuators in soft robotics,671 as well 

as a striking biomorphic design of artificial wings using dielectric elastomers.672 For 

applications in living bioelectronics, however, engineered tissues have drawn a great deal of 

attention.665 This is due to many factors, including the multiple functionality of cells665 and 

the potential for implants where the interactions with the biological environment are features 

that are designed, rather than minimized or tolerated.504, 673 To that end, systems that 

incorporate cell-based actuators into their design include artificial muscles,664 light674 and 
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electricity-responsive536 coordinated undulations in a synthetic ray, and motors powered by 

the optically-controlled swimming of bacteria.675

As fundamentally robotic systems, living bioelectronics would be autonomous biological 

systems controlled by computer hardware, a premise that carries with its major implications 

for biomedical ethics676–678 as well as computer/information ethics.679, 680 It is not 

sufficient to call for ethical clarity at some unspecified point in the future. Given the 

potential global impact of living bioelectronics and the cost mistakes in this field may incur,
681, 682 it is vital that all developments are firmly based on an ethical foundation.

8. Concluding remarks

Chemistry offers numerous opportunities for improving bioelectronics into devices with 

excellent biocompatibility, biomechanical properties and electronic/optoelectronic 

performance. This goal requires considerable cross-disciplinary efforts; when done 

successfully, it blends materials science, bioengineering, and electronic device/system 

fabrication, along with new developments in chemistry. The chemistry aspects accelerate 

important advances in how we think about bioelectronics. As we have seen, devices may 

include components that are organic or inorganic, and which function as conductors or 

semiconductors. The characteristics of each type of material allow for bioelectronics that 

acts on length scales from the molecular to the organismal, with durations from nanoseconds 

to months or even years.

In the near future, we expect that chemical considerations will be employed to great success 

in formulating synergistic combinations of some of the recent discoveries highlighted here. 

This may happen in two main ways. In one approach, materials with similar chemistries but 

varying functionalities can be used in tandem to create devices that expand the range of 

capabilities beyond either material. The other approach entails combining materials with 

much more differing chemical properties, to either attenuate the weaknesses of each other, or 

to bestow the eventual device with multiple distinct functionalities. It is likely that both 

approaches will yield highly significant insights. Hard-soft composites offer a mechanical 

example of this principle, in which the combination of stiff and compliant materials can both 

mitigate the impacts of mechanical mismatch between device and tissue, as well as offering 

new routes of sensing or stimulation.

Furthermore, developments in disciplines that are adjacent to bioelectronics offer a wealth of 

possible applications to bioelectronics. For instance, a common theme is the use of energy 

input methods with good spatiotemporal resolution – acoustic, optical, and magnetic 

impulses – to dramatically improve the localization of various therapies. There is enormous 

potential for bioelectronic discoveries based on perspectives from multiple disciplines. This 

is as valid for bioelectronics collaborations within the natural sciences as it is for 

collaborations between scientists and other areas of inquiry, such as ethics or sociology. In 

all cases, advances in chemistry will enable many of the most critical insights.
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Figure 1. 
Chemistry aspects of bioelectronics.
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Figure 2. 
Bioelectronics and bioelectrical studies span a range of length and time scales. Awareness of 

chemistry and physics at all applicable levels is necessary to devise appropriate synthetic 

and analytical methods for the study of biointerfaces.
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Figure 3. 
Signal transduction mechanisms in bioelectrical interfaces can vary depending on the 

material design and chemistry. Top: Metal-based electrodes can be used for recording or 

injection of capacitive, faradaic, and biocatalytic currents. Free-standing metallic 

nanostructures allow used for plasmonic heating. Additionally, metallic structures can be 

used to facilitate interface interrogation penetrating cellular membranes using 

electroporation and optoporation. Bottom: Highly sensitive recording of bioelectric signals 

using field-effect transistor (FET) and organic electrochemical transistors (OECT). Readout 

of optical signals using photoluminescent materials and photodetectors. Free-standing 

nanoscale semiconductors allow for wireless injection of currents through photocapacitive, 

photofaradaic and photocatalytic effects. Micro light-emitting diodes (LED) can be used to 

deliver optical signals. Semiconductors without electric and radiative energy decay pathways 

can generate photothermal heating.
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Figure 4. 
Si nanowires with various structures and morphologies can be produced from metal-assisted 

chemical etching methods. (a) SiNWs with ordered grooves, etched from a mixture of 

hydrofluoric acid/hydrogen peroxide. Reproduced from ref.143 under the terms of the 

Creative Commons Attribution License from Springer Nature, copyright 2017. (b) SiNWs 

spicules formed by wet chemical etching in KOH solutions. Reproduced from ref.144 with 

permission from the American Association for the Advancement of Science, copyright 2015.
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Figure 5. 
Transient and bioresorbable electronics derived from the degradation of Si and other 

transient materials. (a) Optical image of circuit design and components of a transient device. 

Reproduced from ref.134 with permission from the American Association for the 

Advancement of Science, copyright 2012. (b) Left: photograph of a SiNM-based 

bioresorbable spectrometer. Right: implanted device can be naturally resorbed after 45 days. 

Reproduced from ref.160 with permission from Springer Nature, copyright 2019. (c) Left: a 

schematic diagram of a SiNM-based bioresorbable sensor designed for the measurements of 

intracranial pressure (ICP) and temperature (ICT). Right: photograph of the bioresorbable 

sensor implanted in the intracranial space of a rat. Reproduced from ref.157 with permission 

from the American Association for the Advancement of Science, copyright 2019.
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Figure 6. 
Si nanostructures used in the photo stimulation of cells. (a) A schematic diagram shows 

coaxial p-type/intrinsic/n-type (p-i-n) SiNWs for photoelectrochemical extracellular 

modulation of DRG neuron membrane potential. (b) Atom probe tomography shows the 

presence of diffused Au (yellow balls) on the sidewalls of p-i-n SiNWs (Si atoms: dark blur; 

O atoms: light blue). (a) and (b) Reproduced from ref.129 with permission from Springer 

Nature, copyright 2018. (c) Cross-section TEM image (left), scanning TEM (STEM) image 

(upper right) and the diffraction pattern of a p-i-n Si membrane nanostructure applied for the 

photostimulation of brain cortex and behavior control. Reproduced from ref.38 with 

permission from Springer Nature, copyright 2018. (d) Left: SEM image of nanostructures of 

replica Si from hexagonal mesoporous silica SBA-15, which were applied in the elicitation 

of action potential by photothermal effect. Right: TEM image shows the hexagonal packing 

of a Si nanowire. Reproduced from ref.67 with permission from Springer Nature, copyright 

2016.
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Figure 7. 
Si-based nanoFET for intracellular recordings. (a) A schematic diagram of the nano-sized 

FET region, which was introduced by dopant modulation on kinked nanowires. (b) A SEM 

image of a kinked Si nanowire. (c) NanoFET on an SU-8 microribbon support. (a) – (c) 

Reproduced from ref.43 with permission from the American Association for the 

Advancement of Science, copyright 2010. (d) A schematic diagram of probe internalization 

and intracellular recording by short channel nanoFETs. (e) SEM image of a U-shape 

nanoFET with atomically sharp nickel silicide interfaces. (d) and (e) Reproduced from 

ref.175 with permission from Springer Nature, copyright 2019.
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Figure 8. 
QD applied for bioelectronic voltage sensing in neural membranes. (a) A schematic diagram 

and (b) molecular models for the design of the QD (electron donor) – peptide-fullerene 

(electron acceptor) bioconjugated system. (c) A schematic diagram for the fluorescence 

change introduced by membrane depolarization process. The electrons transfer from the 

photoexcited QD donor to the fullerene acceptor when the plasma membrane is depolarized, 

giving rise to the quenching of PL. Reproduced from ref.225 with permission from the 

American Chemical Society, copyright 2017.
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Figure 9. 
Intrinsically stretchable and healable polymers for fabricating stretchable organic thin-film 

field effect transistors (OTFTs). 2,6-pyridine dicarboxamide (PDCA) conjugation breaking 

spacers are integrated with the 3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-

dione (DPP) semiconductor polymer. The polymer contains crystalline domains (blue) and 

amorphous polymer chains, where dynamic hydrogen bonds can break and reform. 

Reproduced from ref.273 with permission from Springer Nature, copyright 2016.
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Figure 10. 
Surface modification of organic transistors for bioelectronic sensing. (a) A schematic 

diagram of the enzyme biofunctionalization on OECTs devices. (b) LOx enzyme 

immobilized on the gate electrode of transistors can enhance the sensing selectivity. (a) and 

(b) Reproduced from ref.294 with permission from the American Association for the 

Advancement of Science, copyright 2018. (c) A schematic diagram and (d) working 

mechanism of a capacitively coupled p-type organic FET with pOBPs as ligands. (c) and (d) 

Reproduced from ref.291 under the terms of the Creative Commons Attribution License 

from Springer Nature, copyright 2015.
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Figure 11. 
Organic semiconductors used for optical modulation of cells and tissues. (a) SEM images of 

photosensitive organic prosthetic implants composed of active P3HT layer, conductive 

PEDOT:PSS layer, and silk fibroin substrate. Reproduced from ref.308 with permission from 

Springer Nature, copyright 2017. (b) A schematic diagram of the organic electrolytic 

photocapacitors based on H2Pc / PTCDI junction for the X. laevis oocyte photoexcitation. 

Reproduced from ref.317 with permission from the American Association for the 

Advancement of Science, copyright 2019.
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Figure 12. 
Pt nanostructures used for bioelectronics. (a) Top: A schematic diagram shows Pt 

nanoparticles as interface materials in the preparation of carbon nanotube/liquid metal (LM) 

composite. Bottom: SEM image of a 3D structure of printed Pt/CNTs/liquid metal 

composites. Reproduced from ref.336 with permission from the American Chemical Society, 

copyright 2019. (b) Top: the structure of a Pt coated graphene fiber (GF) with an as yet 

unrivalled charge injection capacity of ~10 mC⋅cm−2. Graphene, as current collector, 

improved the charge injection capacity of the system via a strong synergistic effect. Bottom: 

SEM image of a tied knot shows the flexibility of the graphene microfibers. Reproduced 

from ref.342 with permission from Wiley, copyright 2019. (c) Optical image (left), cross-

section SEM image (middle), and high-resolution TEM image (right) of the porous Pt 

nanorods obtained from dissolution Ag from a co-sputtered PtAg alloy. Reproduced from 

ref.352 with permission from the American Chemical Society, copyright 2019.
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Figure 13. 
Au-based nanostructures used for bioelectronics. (a) SEM images of rat hippocampal cells 

cultured on Au mushroom microelectrodes. Reproduced from ref.353 under terms of the 

Creative Commons Attribution License from Frontiers, copyright 2011. (b) Top: SEM image 

and backscattered electron (BSE) image (inset) of Au–Ag nanocomposites. Bottom: 

haematoxylin & eosin (H&E) staining of Ag–Au nanowires implanted cardiac muscles 

shows little fibrotic reaction and inflammatory response. Reproduced from ref.358 with 

permission from Springer Nature, copyright 2018. (c) Top: A schematic diagram of the 

ultrasoft Au-deposited parylene–polyurethane nanomesh (left). This ultrasoft electronics can 

be used for mapping the electrophysiological dynamics during cardiomyocytes beating 

(right). Bottom: An optical image of the ultrasoft nanomesh. Reproduced from ref.362 with 

permission from Springer Nature, copyright 2018.
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Figure 14. 
Carbon microfiber used for intracellular electrochemical detection. (a) SEM of an insulated 

carbon microelectrode with nanoscale tip. Reproduced from ref.407 with permission from 

the American Chemical Society, copyright 2020. (b) A schematic diagram shows single-cell 

intracellular measurements of vesicles and synaptic activities using a carbon-fiber 

microelectrode. (c) On a carbon electrode, vesicles rupture and expel contents, for example 

norepinephrine (i), epinephrine (ii), octopamine (iii) or dopamine (iv). The elicited oxidation 

currents can be electrochemically detected by the carbon microelectrode. (b) and (c) 

Adapted from ref.405 with permission from Springer Nature, copyright 2017.
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Figure 15. 
Graphene-based bioelectronics. (a) A schematic diagram of the serpentine Au mesh/

graphene-based diabetes patch with sweat-control, sensing and therapy components. (b) 

Optical images of the compressed (top) and stretched (bottom) diabetes patches. (a) and (b) 

Reproduced from ref.404 with permission from Springer Nature, copyright 2016. (c) A 

schematic diagram shows the fabrication steps to obtain soft graphene contact lens on 

Parylene C. (d) Top: infrared fundus photo of a monkey eye taken during multifocal 

electroretinography (ERG) recording with a soft graphene contact lens (or GRACE device). 

Bottom: The response density plot of ERG signals in associated regions. (c) and (d) 

Reproduced from ref.427 under the terms of the Creative Commons Attribution License 

from Springer Nature, copyright 2018.
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Figure 16. 
Hierarchical carbon fiber-based bioelectronics. (a) A schematic diagram shows the 

hierarchical helical bundles of muscle. (b) Top: TEM image of a multi-walled CNT, the 

building block for a CNT-based hierarchical helical bundle. Middle: SEM image of a 

primary CNT-based fibre. Bottom: SEM image of assembled hierarchical helical CNT 

bundles. (c) Left: a schematic diagram shows the CNT helical fibre bundles can be injected 

into blood vessel for in vivo monitoring. Right: photograph of the skin surface of a cat after 
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injection with a CNT-based multiply sensing fibre. (a) − (c) Reproduced from ref.16 with 

permission from Springer Nature, copyright 2019.

Fang et al. Page 96

Chem Soc Rev. Author manuscript; available in PMC 2021 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 17. 
STEC-enabled PEDOT:PSS bioelectronics. (a) Schematic representations of PEDOT:PSS 

domains in a pristine polymer (top) and with an addition (bottom) of stretchability and 

electrical conductivity enhancer. (b) Left: schematic representation of LED device with 

interconnects made of PEDOT/STEC. Middle: photograph shows high LED brightness when 

the device is stretched and twisted. Right: photograph shows high LED brightness when the 

device is poked with a sharp object. (a) and (b) Reproduced from ref.465 with permission 

from the American Association for the Advancement of Science, copyright 2017.
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Figure 18. 
Pure PEDOT:PSS hydrogel and freestanding structure. (a) Schematic representation of 

PEDOT:PSS domains aggregation during water evaporation. (b) Schematic representation of 

fibril domain morphology in PEDOT:PSS hydrogel dried with DMSO as an additive. (c) 

DMSO dependent Young’s moduli and ultimate tensile strains in the pure PEDOT:PSS gels. 

(d) Free-standing PEDOT:PSS pattern fabricated using inkjet printing. (a) − (d) Reproduced 

from ref.467 under the terms of the Creative Commons Attribution License from Springer 

Nature, copyright 2019.
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Figure 19. 
e-IGT for bioelectronics. (a) Schematic illustration of e-IGT device operation. Protonation 

of PEI+ under negative gate potential releases PSS- which upon binding to PEDOT 

reinstitutes its conductivity. (b) Photograph showing conformance of the ultra-thin e-IGT 

based device to the human hand. Inset shows the microphotograph of an individual junction. 

(c) Traces of sample signals recorded with e-IGT-based devices spanning through amplitude 

and frequency ranges. (d) Output of nonlinear rectifier made of IGT-based circuit. Top: 

marked spikes show epileptic discharges. Bottom: Power spectrogram of the recording. (e) 

Operating curves showing improved detection performance of nonlinear amplifier (red) over 

bandpass filter (black) and amplitude (blue) thresholding. (a) – (e) Reproduced from ref.469 

with permission from Springer Nature, copyright 2020.

Fang et al. Page 99

Chem Soc Rev. Author manuscript; available in PMC 2021 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 20. 
PDA-PPy hydrogels. (a) Schematic representation of in situ transformation of PDA-PPy 

nanoparticles into transparent fibrils. (b) Demonstration of the electrical conductivity of the 

hydrogel (6 wt. %) under stretching and twisting. (c) Photography of transparent hydrogel 

on a leaf. (d) UV-vis absorption spectra of hydrogels prepared with different PDA-PPy 

concentration. (a) – (d) Reproduced from ref.478 with permission from the American 

Chemical Society, copyright 2018.
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Figure 21. 
Structured PPy for mechanotransduction. (a) Schematic representation of structure switching 

in PPy array directing development of Mesenchymal stem cells. (b) SEM images of PPy 

array at the two redox states showing nanotube and nanotip geometry. Mechanotransduction 

effects on (c) distribution of actin filaments (pseudocoloured heat maps, scale bar 10 um), 

(d) cell area, and (e) nuclear translocation. (a) – (e) Reproduced from ref.482 with 

permission from the American Chemical Society, copyright 2017.
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Figure 22. 
Genetically targeted chemical assembly of polymers. (a) A schematic diagram shows 

specific synthesis of functional polymer on membranes of genetically modified neurons. (b) 

Scheme of Apex2-catalyzed polymerization reaction initiated by oxidation of aniline dimer. 

Chemical species participating in a reaction are as follows: (1) aniline dimer, (2) aniline 

dimer radical cations, (3) aniline monomer, (4) aniline trimer radical cations, and (5) 

polyaniline (PANI). Patch clamp measurements of membrane capacitance and current 

potential spikes from neurons show that modification with conductive PANI increases 

transmembrane capacitance and decreases spike number (c) while modification with 

insulating poly(3,3’-diaminobenzidine) (PDAB) inversely reduces the capacitance and 

increases spike number. (a) – (d) Reproduced from ref.494 with permission from the 

American Association for the Advancement of Science, copyright 2020.
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Figure 23. 
A minimal mechanical model of a cell. Top: schematic of an entire mammalian cell, with the 

nucleus shown in blue and the cytosol in grey. Green arrows indicate locations, orientations, 

and relative magnitudes of traction stresses. Lower left: mechanical components around the 

cell nucleus. The actin cytoskeleton is linked to the nucleoskeleton through the LINC 

complex. Within the nucleus, YAP/TAZ are effectors of Hippo signaling, which ultimately 

governs cell spreading and proliferation. Lower right: mechanical components at the cell 

edge. Traction stresses are transmitted from the cytoskeleton to the substrate through focal 

adhesions. The RhoA pathway is especially active at focal adhesions and modulates cell 

contractility by affecting the activity of myosin light chain kinase, MLCK. Piezo channels 
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are both mechanically and electrically active, and therefore are integral parts of 

electromechanical coupling.

Fang et al. Page 104

Chem Soc Rev. Author manuscript; available in PMC 2021 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 24. 
Photoisomerization-triggered neuromodulation. (a) Top: snapshots from MD simulations of 

a membrane-bound photoswitch, Ziapin2, in trans- and cis-conformations. Bottom: current-

clamp traces from neurons incubated with Ziapin2. Illumination period is indicated with 

cyan shading. Reproduced from Ref.564 with permission from Springer Nature, copyright 

2020. (b) Schematic of how photoisomerization can induce appreciable mechanical 

deformations in a material, useful for applications such as switchable adhesions and robotic 

actuators. Reproduced from Ref.565 with permission from Wiley, copyright 2019.
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Figure 25. 
Schematic of LOVpep-based optogenetic dimerization. Illumination exposes the PDZ-

binding domain of LOV2, thereby causing dimerization with PDZ domain proteins. 

Reproduced from Ref.573 with permission from Springer Nature, copyright 2012.
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Figure 26. 
Schematic of remotely controlled chemomagnetic neuromodulation. (a) Magnetically 

responsive liposomes release chemical payloads upon magnetic heating and stimulate the 

receptors. (b) The liposomes can be injected into the ventral tegmental area, a region 

typically used for motivated behavior, reward and depression studies. (a) and (b) Reproduced 

from Ref.61 with permission from Springer Nature, copyright 2019.
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Figure 27. 
Biomimetic targets and designs. (a) Schematic showing conformation of geometrically 

adaptable heart valve when implanted in a juvenile sheep, in the unextended conformation. 

(b) Schematic showing conformation of geometrically adaptable heart valve when implanted 

in mature sheep. In this case, the needed pulmonary valve dimensions are 1.8x larger than 

the juvenile case. (a) and (b) Reproduced from Ref.602 with permission from the American 

Association for the Advancement of Science, copyright 2020. (c) Electric eel-mimicking 

hydrogel array. Red gel is high concentration NaCl, blue gel is low concentration NaCl, 

green gel is cation-selective, and yellow gel is anion-selective. Reproduced from Ref.605 

with permission from Springer Nature, copyright 2017.
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Figure 28. 
Chemical considerations in electron transfer and electrode selection for bioelectrocatalysis. 

(a) Direct electron transfer (DET) and mediated electron transfer (MET) schemes. DET is 

shown both wired and unwired. Reproduced from Ref.75 with permission from Springer 

Nature, copyright 2020. (b) A view of a protein chimera nanowire used for wiring in a 

synthetic redox film. Reproduced from Ref.610 with permission from Springer Nature, 

copyright 2016. (c) Diagram of how enhanced wettability of electrode surface can improve 

the electrochemical performance of a catalyst. Reproduced from Ref.612 with permission 

from the Wiley, copyright 2014.
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Figure 29. 
Nanofibrillar cellulose and lignin form good substrates for bioelectronic supercapacitors. (a) 

Photograph of nanocellulose fibrillar paper and molecular structures for different types of 

nanocellulose fibers. (b) SEM image of PPy-nanocellulose fiber composite material. (a) and 

(b) Reproduced from Ref.621 with permission from the American Chemical Society, 

copyright 2015. (c) SEM image of lignin-derived carbon nanofiber mat. (d) 3D visualization 

of lignin-derived carbon nanofiber maps obtained from computed tomography. (c) and (d) 

Reproduced from Ref.628 under the terms of the Creative Commons Attribution License 

from the Royal Society of Chemistry, copyright 2019.

Fang et al. Page 110

Chem Soc Rev. Author manuscript; available in PMC 2021 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Fang et al. Page 111

Table 1.

Summary of advantages, disadvantages and example applications of the material groups used for fabrication of 

bioelectronics devices.

Advantages Disadvantages Application Examples

Inorganic 
semiconductors

- Established industrial processing
- Colloidal structures can be 
synthesized
- Mostly crystalline material
- Available surface modification 
methods
- Tunable electrical and optical 
properties

- Larger material rigidity
- Mechanical mismatch at 
the biointerfaces
- Some materials are highly 
cytotoxic

- Resorbable devices134, 157, 160

- Intracellular stimulation38, 67, 129

- Intracellular recording43, 175

- Membrane voltage sensor225

Organic 
semiconductors

- Solution processable
- Flexible and can be intrinsically 
stretchable
- Available surface and bulk 
modification methods
- Tunable electrical and optical 
properties
- Generally low cytotoxicity

- Lower carrier mobility
- Stability in air and in vivo 
may be poor
- May have low crystallinity

- Stretchable sensors273

- Bioelectronic sensing291, 294

- Optical modulation308, 317

Inorganic 
conductors

- Established fabrication methods
- Good stability
- Colloidal structures can be 
synthesized
- Mostly crystalline material
- Available surface modification 
methods
- Excellent and stable electrical 
conductivity
- Generally low cytotoxicity

- Larger material rigidity
- Mechanical mismatch at 
the biointerfaces

- Recording 
microelectrodes336, 342, 352, 353, 358, 362

- Intracellular electrochemical detection405, 407

- Wearable electronics404, 427

- In vivo monitoring16

Organic 
conductors

- Solution processable
- Suitable for additive manufacturing 
(e.g., inkjet printing, 3D printing)
- Flexible and can be intrinsically 
stretchable
- Can have high water content
- Available surface and bulk 
modification methods
- Tunable electrical conductivity
- Generally low cytotoxicity

- Low chemical stability
- May need to manage the 
conductive phases within the 
material
- May have low crystallinity

- Stretchable electronics465

- In vivo recording469

- Transparent electronics478

- Chemical assembly in living cells494
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Table 2.

Characteristics of common inorganic conductors used for bioelectronics.

Characteristics

Platinum - Most widely used material for bioelectronic probes
- Good electrical conductivity, stability and biocompatibility
- Established fabrication and surface modification methods
- Can be alloyed with iridium to increase charge injection current

Gold - Excellent electrical conductivity, stability, malleability, and biocompatibility
- Established fabrication and surface modification methods
- Gold nanostructures exhibit plasmonic properties

Liquid metal - Focuses on low melting point gallium alloys
- Can be used to fabricate all soft and self-healing circuits

Other metals:

 - Silver - Excellent conductivity
- Antimicrobial properties

 - Stainless steel - Cheap alternative to noble metals
- Great chemical stability

 - Copper - Nonmagnetic and MRI safe
- Alternative to gold with excellent conductivity

Carbon - Used mostly in the form of graphene or carbon nanotubes
- High chemical stability
- Can be mechanically flexible
- Large surface area
- Wide-range of conductivities
- Nanostructured carbon can be cytotoxic

Oxides, nitride, carbides - Wide range of physical and chemical properties
- New opportunities for future bioelectronics
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Table 3.

Characteristics of common organic conductors used for bioelectronics.

PEDOT:PSS PPy PANI

Systematic 
name

Poly(3,4-ethylenedioxythiophene):poly(styrene 
sulfonate)

Polypyrrole Polyanilline

Chemical 

structure*

Characteristics - The most studied conductive polymer
- Mixture of two ionomers
- Poor mechanical stability, requires fixing or 
composite formulation

- pH-sensitive conductivity
- Mechanoelectric properties
- Can be synthesized through 
photopolymerization

- Low-cost precursor and 
synthesis
- pH-sensitive conductivity
- Can be synthesized in situ onto 
biological structures

*
The exact structure depends on protonation and oxidation states and will vary depending on the conditions.
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