
1 

 

Emerging Soft Conductors for Bioelectronic Interfaces 

Dace Gao, Kaushik Parida and Pooi See Lee* 

D. Gao, Dr. K. Parida, Prof. P. S. Lee 

School of Materials Science and Engineering 

Nanyang Technological University 

50 Nanyang Avenue, Singapore 639798, Singapore 

E-mail: pslee@ntu.edu.sg 

 

Abstract: Bidirectional interfacing between electrode and biological system has enabled diagnostics 

and therapeutics in modern medicine, however the inherent dissimilarity between the soft, ion-rich, 

dynamic biological tissues and the rigid, dry, static electronic systems hinders the establishment of 

effective and reliable bioelectronic interfaces. In the past decade, the scope of flexible/stretchable 

electronics has been broadened into bioelectronics owing to the need of implementation of various 

biocompatible soft conductors. This review discusses the basic requirements for the construction of 

both epidermal and implantable bioelectronic interfaces utilizing soft materials, and summarizes the 

most recent progress in the development of soft conductors which are customized to interface with 

skin and other tissues. The conclusion provides an outlook on the remaining obstacles and outlines 

possible strategies to facilitate the technological advances in bioelectronics.   

 

1. Introduction  

Bioelectronic interface is the general designation of miscellaneous bio-integrated electrodes that 

function to communicate with biological systems. Bioelectronic interfaces can be established either 

on human skin[1-3] or inside human body.[4-7] In terms of target applications, the interfaces are 

constructed for either physiological signal recording[1, 2] or electro-stimulation/modulation.[8-10] 

Despite the various modalities and form factors of existing bio-electrodes, the design and fabrication 
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of high-performance bioelectronic interfaces are guided by some universal principles,[5, 11] such as 

low interfacial impedance and intimate integration with curvilinear tissue surfaces. However, the 

inherent disparities between biological tissues and artificial electronics cannot be ignored. At 

epidermal interfaces, human skin is breathable, but electronics typically require stringent 

encapsulation for prolonged lifetimes. At implanted interfaces, tissues are soft, water-borne, and 

ionically conductive, but conventional electronics are rigid, water-exclusive and electronically 

conductive. As a result, significant challenges are encountered when coupling rigid electrodes with 

curved, complex and dynamic tissues of human body.  

Recent advances in soft bioelectronics, with a focus in the development of flexible/stretchable 

conductors,[2, 7, 12] have brought on novel opportunities to eliminate physical and mechanical 

mismatches and enable compliant electrode coupling to biological tissues. Consequently, epidermal 

electronics utilizing soft conductors as electrodes can be deployed in seamless contact with the skin 

surface and hereby inhibit motion induced artifacts,[1] whilst soft electrodes/probes-based implants 

can accommodate dynamics of inner tissue and help to prevent scarring and inflammation.[5, 13] To 

this end, this review highlights the latest progress in soft bioelectronics, with a particular attention in 

the synthesis, preparation and integration of biocompatible soft conductors which have the potential 

to reshape nearly every aspect of clinical diagnostics and therapeutics in the near future. We firstly 

introduce the existing platforms for physiological recording and stimulation, based on which the 

rational guidelines are summarized for the fabrication of both epidermal and implantable soft 

bioelectronic interfaces respectively. Following that, recently developed soft conductors are 

categorized and discussed with different emphases. Finally, we conclude this account with an 

overview of unsolved difficulties and future research directions for soft bioelectronics.  

 

2. Epidermal Bioelectronics 

2.1. Epidermal Signal Recording  



3 

 

Being the largest organ of human body, our skin not only serves as a self-healable barrier against 

external stressors, but also permits the sensation of tactus, and regulates body temperature, peripheral 

circulation, as well as fluid balance. The realization of above-mentioned functionalities is enabled by 

the intricate anatomy (Figure 1a, left): capillary blood vessels, lymphatic vessels, peripheral nerves 

and sweat glands are densely distributed at different layers of the skin (epidermis, dermis and 

hypodermis); these plexuses are hierarchically connected to the central systems and substantially 

linked to remote organs deeply inside the body. Therefore, instead of being a static shielding layer, 

the skin is a dynamic and complex source providing a wide range of physiological signals that reflect 

the overall health and fitness conditions. Three primary types of physiological information, including 

physical, electrical and chemical signals (Figure 1a), can be measured by wearable or on-skin 

sensors.[1, 3]  

Figure 1. Schematic of skin anatomy and the summarization of various physiological signals 

accessible from epidermal sensors.  

 

For physical signals, skin-conformal strain, pressure, optical and temperature sensors have been 

developed to monitor body movements (daily activity, essential tremor),[14] cardiovascular status 

(heart/pulse rate, blood pressure)[15-18] and other vital signs such as body temperature,[19-21] respiration 

conditions and skin mechanophysiology (Figure 2a). Apart from physical bio-feedbacks, electrical 

(electrophysiological) signals represent another class of measurable physiological information that is 

derived from action potentials generated across the membranes of activated neurons or muscle 
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cells.[11] The concurrent propagation of action potentials will superpose into tissue-scale potentials[22] 

and emanate to skin surface, which can then be captured by high-resolution electrogram methods in 

a noninvasive manner. Electrocardiography (ECG)[20, 23, 24] records the depolarization and 

repolarization of cardiac muscle cells in heartbeat cycles, with the spectrum of which providing 

detailed information about cardiac abnormalities like rhythm disturbances and inadequate blood flow 

in coronary artery. Electroencephalography (EEG)[25] measures the biopotential waveforms of brain 

via electrodes assembled on scalp surface. As human brain is a huge collection of neurons associated 

by synapses, the synchronized activation of thousands of neurons will generate detectable impulses 

of localized potential, which can be interpreted based on pulse frequency (alpha, beta, gamma waves, 

etc.) for the studies of cognitive processing, sleeping patterns,[26] neural diseases and so on. Similarly, 

electromyography (EMG)[9, 27-29] detects neurological activation of skeletal muscle by recording 

biopotential variation in muscle cells. The resulted electromyogram is used as a tool for diagnosing 

neuromuscular diseases and for controlling prostheses. Examples of recent progress in soft 

electrogram sensors are shown in figure 2b. 

Figure 2. Epidermal bioelectronic sensors. 

 

Wearable and skin-attachable chemical sensors for sweat analysis (Figure 2c, top) have been 

extensively studied in terms of epidermal chemical sensing.[30] Sweat is one of the most important 

secretions that contains a broad class of biomarkers,[31, 32] including various ions (sodium, calcium, 
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potassium and chloride), metabolic molecules (glucose, urea, lactate acid, uric acid) and even 

macromolecules like peptides and proteins.[33] As the widespread eccrine glands in dermis 

continuously and directly secrete sweat onto skin surface, sweat is featured as an ideal biofluid for 

target analytes sampling with easy accessibility and noninvasiveness. Most of the reported on-skin 

sweat sensors are generally based on electrochemical methods, wherein working electrodes are 

decorated with active materials that selectively respond to certain species. Specifically, enzymes 

(such as glucose oxidase and lactate oxidase) are widely used in molecular identification via 

amperometry,[34-38] whereas specially treated ion-selective membranes allow for ion concentration 

measurement via potentiometry.[39-42] Recent advances in this field include simultaneous screening[19] 

of multiple biomarkers by a multiplexed sweat sensing platform, the implementation of epidermal 

microfluidics[43-46] for enhanced sweat collection, routing and chrono-sampling, and the integration 

of colorimetric transduction techniques[47-50] for real-time analyte identification. Similar platforms, 

such as glucose sensing contact lenses[36] and tooth-mounted sensors,[51] have demonstrated potential 

applications in analyzing other external secretions like saliva and tear.  

On-skin electronics for noninvasive blood monitoring has also emerged as a nascent area in 

healthcare. Blood glucose level has important clinical relevance to diabetes, while the oxygen 

saturation level is a critical indicator for the management of respiratory diseases.[52] Since blood flows 

in vessels with indirect accessibility, traditional blood testing always relies on invasive blood drawing 

process which causes pain and pinprick to patients. To reduce such discomforts during blood 

sampling, novel epidermal solutions have been developed based on soft optoelectronics. For example, 

a flexible pulse oximeter was fabricated based on soft organic photodiode (OPD) and organic light-

emitting diode (OLED).[53] Hemoglobin in oxygenated or deoxygenated state yields different 

absorptivity to light at certain wavelength, therefore the device can accurately quantify oxygen level 

via optical tests. Similar epidermal oximeters (Figure 2c, bottom) are reported recently with improved 

skin conformability (3 µm in device thickness)[54] and miniaturized size (as small as a coin).[55]  

 



6 

 

2.2. Epidermal Stimulation 

Figure 3. Epidermal stimulating devices. 

 

Epidermal electronics can function not only as sensors, but also as actuating platforms for 

stimulations. Transcutaneous electrical nerve stimulation (TENS) is a classical and widely used 

epidermal stimulating method, and its application in electrotactile stimulation[9, 56, 57] emphasizes the 

usage of on-skin electrodes to inject small amplitude of current flow into skin, which stimulates the 

mechanoreceptors distributed throughout epidermis, dermis and subcutaneous tissue (hypodermis)[58] 

and elicits tactile sensations including light touch, pressure and vibration.[56] Figure 3a is the 

photograph of a multifunctional epidermal system that measures EMG, temperature, strain and 

delivers electrotactile stimulation simultaneously.[9] The coaxial stimulation electrode can supply 

constant-current pulse input (3 mA, 20 Hz and 0.2 ms pulse width) and yield in-phase voltage 

response in skin. Another recent device demonstrated by Choi et al. integrates thermal stimulation in 

conjunction with electrotactile stimulation and can operate under strain as large as 100% (Figure 3b). 

Such epidermal recording and stimulating technologies have been employed in neuromuscular 

rehabilitation,[59] pain relief[60] and fatigue prevention, and may find promising usefulness in 

bidirectional communicating with prostheses,[61] in which context an amputee is expected to exert 
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control to artificial limb via EMG, meanwhile experience tactile and proprioceptive feedbacks by 

applying electrotactile stimulation at the reinnervated skin sites.[9, 62]  

Figure 4. Material requirements for epidermal interfaces. 

 

Epidermal stimulating platforms have also expedited the research progress in sweat sampling. Most 

of the above mentioned epidermal sweat sensors only perform properly when the volume of sweat 

sample reaches certain threshold (≥ 10 µL). The rate of sweat secretion in our daily life, in a 

circumstance where a person is not undergoing vigorous exercise, can be too low to sustain the 

requirement of on-demand and in situ sweat sampling. In this case, a well-developed on-skin 

stimulating method, namely iontophoresis,[34, 63, 64] provides the opportunity to control sweat 

excretion at specific time and targeted location. Figure 3c illustrates the mechanism of iontophoresis 

for sweat induction and on-site analysis.[63] Sweat stimulating agonists, such as pilocarpine, 

acetylcholine and methacholine, are applied between anode and epidermis. Injection of mild electrical 
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current assists the transdermal delivery of agonists so that the sweat glands are stimulated to secrete. 

Such sweat generating approach inspired the development of a fully integrated and autonomous 

wearable platform which can program the profile and interval of sweat extraction (Figure 3d).[63] In 

this device modality, agonists are loaded within a thin layer of hydrogel to supply long-term use, and 

the selection of different compound will lead to different patterns of sweat secretion. Electrochemical 

electrodes placed in between the stimulating electrodes provide on-site analysis of biomarkers 

immediately after iontophoresis. Similarly, a tattoo-based multifunctional system was also 

demonstrated with integrated iontophoresis and alcohol sensing functionalities (Figure 3e).[34] 

 

2.3. Material Requirements for Epidermal Interfaces   

Physiological diagnoses in conventional clinical practice always employ bulky and stationary 

instruments with a forest of wiring, meanwhile the sensing or stimulation electrodes attached to 

human skin tend to be stiff and nondeformable, which leads to significant mechanical mismatches at 

the bioelectronic interfaces. Hence, the impetus of developing epidermal bioelectronics (smart skin) 

is to provide comfort, mobile and continuous health monitoring or treatment in a noninvasive and 

wireless manner. The long-term intimate integration between abiotic-biotic systems addresses not 

only the importance of material properties and structural designs, but also the quality of interfaces 

concerning biocompatibility, adhesion, permeability and contact impedance, etc. Critical 

requirements for desired bio-integration are discussed as follow. 

Studies in biomechanics indicate that human epidermis consists of a thin layer (50 - 100 µm) of 

soft tissue with an approximate modulus ranging from 20 kPa to a few hundred kPa,[65] and the skin 

can sustain up to 15% tensile strain in its elastic region.[66] Therefore, the formation of compliant 

contacts between electronics and epidermis emphasizes the usages of soft material systems, which 

may comprise polymeric substrates, conductive electrodes and active substances, with similar 

effective moduli and other physical properties in the preparation of epidermal electronic devices. 

Although plastics such as polyimide (PI),[43, 67, 68] polyethylene terephthalate (PET)[20] and 
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polyethylene naphthalate (PEN)[69] can render high flexibility by reducing thickness (< 5 µm), their 

high Young’s moduli (> 1 GPa) and non-stretchable nature still lead to sub-optimal contact with the 

curvilinear and wrinkled epidermal surface, and make it impractical to accommodate skin’s dynamic 

bend, stretch, and compression during body movements. The strategy of adopting intrinsically 

stretchable elastomers as thin-layer substrate is effective in reducing the modulus gap. Elastomers 

with Young’s moduli similar to that of epidermis (< 200 kPa) have been widely exploited for 

epidermal interfacing and the representative examples are summarized in Table 1.  

Table 1. Summary of representative soft elastomers used for epidermal integration. 

Material Elastic modulus Commercial name Manufacturer Ref 

Low-modulus silicone ~20 kPa Solaris Smooth-on [25] 

Low-modulus silicone ~60 kPa Ecoflex 00-30 Smooth-on [9, 16, 70] 

Low-modulus silicone ~150 kPa Dragon Skin 10 Smooth-on [15] 

Adhesive PDMS (aPDMS) ~27.5 kPa MG 7-9850 Dow Corning [24] 

Ultrasoft silicone ~5 kPa Silbione RT Gel 4717 Bluestar Silicones [16, 29, 70] 

Silicone sponge ~80 kPa N/A Mölnlycke Health Care AB [48] 

Porous silicone ~15 kPa Dragon skin 10 Smooth-on [28] 

Modified polyester ~60 kPa N/A BASF [66] 

 

 Apart from rational selection in the mechanical attributes of supportive substrates, adhesive 

coupling at epidermal interfaces should be further implemented to ensure reliable measurement and 

to prevent delamination. In electrophysiological diagnostics, the existence of small air gaps between 

epidermis and electronic patches is prone to artifacts and poor signal-to-noise ratio (SNR) because of 

increased contact impedance;[11, 71] in sweating sampling, the interspace can reduce sweat collecting 

efficiency and produce errors in analytical results. A simple approach to epidermal adhesion is based 

on van der Waals forces alone, as long as the patch is sufficiently thin and compliant.[25, 72] Several 
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biocompatible adhesives have also been developed to enhance long-term adhesion and remove the 

interfacial gaps, including microporous silicone,[73] adhesive polydimethylsiloxane (aPDMS),[24] 

polyvinyl alcohol (PVA) gel[74] and calcium-modified silk (Figure 4a).[23] Adhesion strength should 

be carefully modulated to mitigate peeling force during device removal (Figure 4b).[72] 

With regards to the usability of skin-mounted electronics, gas permeability represents another 

critical consideration for the design and preparation of bio-integrated substrate and electrode 

materials. Most commercially available plastics or elastomers possess low gas permeability,[75] which 

blocks perspiration and increases the risk of skin allergies and inflammation. Recently, progress has 

been made in developing textile-based electronics,[29, 76, 77] and introducing porous structures into 

elastic silicone (figure 4c).[28, 48] Another work demonstrates the fabrication of microperforated soft 

silicone via microsphere-templated method (figure 4d),[73] wherein the breathability can be tuned by 

adjusting the density of pores. Besides, highly permeable and non-irritative conductors, such as 

conductive Au nanomesh (Figure 4e)[27] and laser-induced porous graphene (Figure 4f),[28] have also 

been developed and integrated into biocompatible sensors. Future epidermal electronics is expected 

to address the above-mentioned concerns simultaneously so as to deliver soft, inflammation-free and 

adhesive epidermal interfaces with low contact impedance and exceptional breathability. 

 

3. Implantable Bioelectronics 

3.1. Neural Interfaces for Signal Recording and Neuromodulation 

Similar to the versatile physiological information collected by epidermal sensors, biosensing devices 

implanted in human body monitor the condition of our internal body from all physical, electrical and 

chemical aspects. For instance, physical signals such as intracranial pressure and temperature can be 

monitored in vivo by an optical sensing system,[78] while chemical information such as blood oxygen 

level can be detected by a subdermal oximetry.[79] Nevertheless, the most important aspect of 

implantable devices lies in neural signal recording and modulation via directly interfacing the nerve 

with invasive electrodes. Bidirectional communication between nerves and foreign electronics is 
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established by directly interfacing conductive electrodes with neural tissues or cells. These electrode-

based neural interfaces can be classified depending on their implantation sites, the electrode 

geometries and the degree of invasiveness.[80] Generally speaking, central nervous system (CNS) of 

human consists of brain and spinal cord, while peripheral nervous system (PNS) describes the nerve 

network that spread throughout the body. Electrophysiological recording and stimulation in both CNS 

and PNS are crucial for diagnostics and therapy of neural diseases. The so far developed neural  

interfaces are configured either in plane format, such as the epidural/subdural flat electrodes[81, 82] 

enveloping cerebral cortex and the cuff electrodes[83] wrapping around PNS nerve fibers, or in needle-

shaped geometry that penetrates tissue surface for high-resolution applications.[84, 85] More detailed 

discussion about neural anatomy and electrode configurations can be found in several comprehensive 

reviews.[13, 80]  

Figure 5. Neural signals recorded at different length scales. 

 

 The spatiotemporal resolution of neural signal recording depends on the length scale at which the 

interface is built. In cellular scale, action potentials or spikes generated from an individual neuron 

represent the elementary signal in neural activity. In tissue scale, the summation of action potentials 

from a large population of adjacent neurons generates local field potentials (LFPs).[86-88] 

Electrocorticogram (ECoG) is as an invasive alternative of EEG which monitors superficial LFPs of 

the brain in mm scale.[82, 89-91] Compared to EEG, ECoG exploits implanted epidural/subdural 

multielectrode arrays to eliminate noise from sources between dura and scalp, and hereby enhance 
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the SNR. The superficial signals acquired from ECoG contain low frequency oscillations (0.1 – 120 

Hz) and provide limited information about deep brain neural activities. Moving towards deeper nerve 

region and higher spatiotemporal resolution, the wideband measurement of LFPs utilizing penetrating 

probes are employed (Figure 5a).[6] Such technology samples LFPs from a small cluster of 

subcortical neurons around the insertion site at higher frequency (> 300 Hz) to reflect more localized 

oscillatory signals, however it still cannot distinguish single neuron activities from the collection of 

LFPs. Further reducing the size of probing interfaces down to cellular and even subcellular scale 

makes it possible to isolate individual neuron action potentials. For example, extracellular potentials 

(~ kHz) from a specific neuron can be picked up at a distance smaller than 100 µm (Figure 5b),[84, 92] 

while action potentials across the cell membrane at nanometer scale are detectable by intracellular 

nano-probes (Figure 5c).[85]  

While the neural recording platforms are commonly used as diagnostic tools, neuromodulation also 

finds great importance in neuronal activity manipulation, clinical treatment and neural prosthetics.[10, 

93-95] Electrical stimulation at neural interfaces shares similar principles with neural signal recording 

but operates in a reverse manner. For signal recording, the action potentials or LFPs propagating in 

extracellular environment are captured by sensing electrodes via different mechanisms (capacitive, 

faradic and transistor, etc.). In the case of neuromodulation, external power source supply voltage to 

the interfacing electrodes to fire neuronal activities through charge injection. The faradic charge 

injection mode involves electrochemical reaction with direct electron transfer from an electrode to 

the electrolyte-filled extracellular region, while the more desired capacitive charge injection mode is 

a physical process which modulates the charging/discharging of electrical double layer (EDL) formed 

at the electrolyte-electrode interface. Detailed explanation and analysis about various neural sensing 

and stimulating mechanisms are elaborated in previous literature reviews.[7, 11]  

 

3.2. Material Requirements for Neural Interfaces  
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Neural tissues are ultra-soft (< 10 kPa), compliant and constantly undergoing micro and macroscopic 

motions.[13] For instance, the seemingly static human brain is actually a pulsatile organ which 

continuously receives flow pulsation from the network of embedded blood vessels; the spinal cord, 

as well as the numerous peripheral nerves can experience up to 20% tensile strain during our daily 

activity.[13] Conventional implantable electrodes made out of noble metals and silicon (Figure 6a)[96] 

are chemically inert with favorable conductivity, yet their Young’s moduli (~ 100 GPa) are orders of 

magnitude higher than that of the targeted neural tissue. Such mechanical mismatch will inevitably 

introduce tissue damage and neuroinflammatory during invasive implantation and subsequent chronic 

operation.[13, 97, 98] In the past decade, the fast growing research interest in soft electronics have 

inspired strategies to improve mechanical biocompatibility of neural interfaces. Pioneer studies in 

this field have proved that extreme flexibility can be achieved in ultrathin plastic films (epoxy,[82] 

parylene C,[89, 90] PI[67, 79] and PEN) despite their GPa-level Young’s moduli. The reduced flexural 

rigidity makes it possible to establish coherent interfacing between ultrathin devices and wrinkled 

neural tissues (Figure 6b),[82] while the application of structural engineering, such as reconfiguring a 

continuous sheet into mesh structure,[81] can further enhance the compliance of thin film neural 

interfaces. The resultant ultrathin plastic electronics meet the requirement of conformability but still 

fail to accommodate the dynamic motions of our neural system. In recent progress, implants for use 

in vivo are manufactured with biocompatible elastomeric substrates to reversibly extend and relax 

following the micro and/or macroscopic motions of the neural tissues in direct contact. Several 

recently developed neural interfaces, such as a neural recording electrode grid (Figure 6c)[99] and a 

multimodal electronic dura meter,[100] are prepared to be stretchable by using silicone materials with 

~ 1 MPa Young’s moduli as substrates or matrices, but the moduli of these elastomers are still higher 

than the neural tissues and unable to serve as mechanically matched neural interfaces. Following this 

path, the development in hydrogel-based bioelectronics[11, 93, 101-104] may finally close the gap of 

mechanical mismatch at the electrode-tissue interfaces. Compared to dielectric elastomers, hydrogels 

are even softer with tissue-like modulus (in kPa range) and can preserve over 90 wt% of water to 
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mimic the living environment of neurons. By dissolving electrolytes[105] or blending conductive 

fillers[93, 106, 107] into hydrogels, ultra-soft ionic or electrical conductors (Figure 6d) can be fabricated 

as promising tissue interfacing electrodes for further implants. The advances of hydrogel 

bioelectronics will be discussed in detail in the later sections.        

Figure 6. Material requirements for neural interfaces. 

 

Impedance management is another key challenge confronted by high performance neural interfaces. 

The effective interfacial impedance between the neuron/neural tissue and the recording/stimulating 

electrode can be depicted by the equivalent circuit as shown in Figure 6e,[5] which contains the 

leakage resistance (Re) and the EDL capacitance (Ce) in parallel at the electrode-tissue interface, and 

the resistance attributed to the intracellular/extracellular environment (Rspread). For both bioelectronic 

recording and stimulation, a low-impedance interface established with high Ce and low Re is highly 

desirable for the purpose of reducing the operational voltage, avoiding irreversible electrochemical 

reactions and increasing the charge injection capacity (CIC). However, the pursuit in better signal 

sampling resolution and higher current injecting precision has led to a continuous reduction in 

electrode size with the side effect of increased Re and reduced Ce. Therefore, the difficulty lies in how 
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to boost Ce while maintaining a minimized geometry in electrode footprint. To address this, 

modifying the surface of flat electrodes with porous nanomaterials[108, 109] or volumetric 

conductors[110, 111] can successfully translate Ce from a flat areal EDL into a volumetric EDL 

capacitance[112] and thus provide higher effective surface area. Figure 6f shows the morphology of an 

array of porous graphene electrodes in situ grown on PI substrate using laser pyrolysis[109]. After 

chemical doping, this flexible cortical microelectrode can achieve a small impedance of 519 Ω at 1 

kHz (two orders of magnitude lower than a similar-size Au electrode) and a CIC as high as 3.1 mC 

cm-2. Likewise, conductive polymer coating on flat electrodes also allows drastic reduction in the 

interfacial impedance ascribing to their porous nature and ion transporting capability.[110, 111]  

A third material-related parameter worth considering is the long-term biostability of implantable 

bioelectronics. Chronically implanted devices are immersed in a wet, ion-rich and chemically reactive 

biological media. When implants become exposed to such a harsh internal environment, negative 

impacts including mechanical degradation, metallic oxidation/corrosion and impedance fluctuation 

will be triggered upon electrodes in lack of proper protection. Furthermore, the toxic by-products of 

biofouling can in turn exacerbate tissue damage and inflammation. Recent efforts in soft 

bioelectronics aim at improving the biostability of neural interfaces without compromising their 

intrinsic softness and neural recording/stimulating capabilities. The majority of these approaches 

involves adopting electrode materials with substantial resistance to biofluids,[90, 93, 110, 113] and 

developing soft and defect-free biofluid barriers with lifetime outlasting decades or more. A recent 

work exploits ultrathin SiO2 layers grown at high temperature to encapsulate flexible electronics for 

chronic implants.[114] This thermal SiO2 barrier excels previous encapsulation schemes in biofluids 

blocking performance owing to its low permeability to water and the elimination of defects. Capping 

the SiO2 layer with 100 nm thick HfO2 via atomic layer deposition (ALD) can further block ion 

diffusion and significantly reduce the hydrolysis rate of SiO2 at high temperature (Figure 6g).[115] For 

further work, water- and ion-blocking elastomers with tissue-like Young’s modulus are highly 

expected to be developed and applied in implantable bioelectronic devices.[101]   
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4. Metallic Materials and Composites for Bioelectronic Interfaces 

4.1. Metallic Nanomembranes 

Figure 7. Metallic NMs based bioelectronic interfaces. 

 

Other than developing intrinsically soft and stretchable conductive materials, engineering approaches 

that exploit micro/nanoscale forms of conventional inorganic conductors/semiconductors have also 

been widely studied and established to serve as bioelectronic interfacing electrodes.[116] The pivotal 

principle underlying these engineering methods is derived from structural mechanics: no matter how 

rigid a material is, it can always be rendered flexible in a sufficiently thin form as bending stiffness 

scales cubically with film thickness. Recent advances in microfabrication and thin film transferring 

processes have enabled the fabrication of ultra-flexible metallic nanomembranes (NMs) with 20 – 

500 nm in thickness. Further configuring the NMs into “deterministic geometries” yields conductive 

systems that not only flex but also stretch and compress following the deformation of underneath 

elastomeric substrates or biological tissues. The “wavy” or “pop-up” structural NMs constructed 
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through a controlled bucking procedure is prevailing as stretchable conductors in wearables[117, 118] 

and soft robotics[119] (Figure 7a), whereas advanced designs in bio-integrated NMs commonly exploit 

filamentary serpentine (FS) mesh layouts without out-of-plane buckling for improved compliance 

and coherent lamination to epidermis and other tissue surfaces (Figure 7b).[120] 

The fabrication of NMs-based stretchable electrodes is generally compatible with the state-of-the-

art microfabrication techniques, wherein photolithography, electron beam deposition and reactive ion 

etching (RIE) are widely applied to achieve high resolution patterning and thickness control of the 

FS conductive traces. In the well-defined fabricating protocol developed by Rogers’ group,[66] FS 

electrode (200 nm in thickness) in the open mesh layout involves 300 nm thick top and bottom PI 

encapsulating layers to place the NM layer at neutral plane, which helps to minimize bending induced 

strain. Au is commonly used for electrode deposition due to its biostability and good conductivity. 

The width of FS traces is assigned between 10 - 100 µm: while reduced width can significantly 

improve the conformability to skin topography and the mechanical robustness in integration,[121] it 

may adversely impair the electrodes’ conductance at the same time. Therefore, the geometry of NMs 

electrode should be typically tailored for each target application. After being released from a 

supportive silicon wafer, the lithographically patterned FS electrodes can be transferred to thin (< 30 

μm), low modulus elastomeric substrates for next-step epidermal bonding[25, 48, 122] or invasive 

implantation.[123, 124] For epidermal applications, the as formed NMs-on-elastomer composites serve 

as the basis of epidermal interfaces yielding skin-like effective moduli (< 150 kPa) and relatively 

large deformability up to 30% elastic strain,[125] which ensures conformal epidermal contact and 

robust on-skin operation at strains beyond the limit of skin (~ 15%). The resulting NMs can also be 

directly laminated onto skin without elastomeric substrates by direct printing, during which a thin 

layer (~200 nm) of adhesion (spray-on-bandage) is applied to facilitate transfer.[121] The substrate-

free device has a total thickness of 800 nm, which is over 50 times thinner than the thinnest region of 

epidermis.[126] This ultrathin geometry further reduces bending stiffness and makes the device 

mechanically imperceptible to end users. The versatility of such systems has offered capabilities for 
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various types of physiological measurements, such as body temperature,[21, 68] strain,[121] pressure,[68] 

sweat analytes,[48] ECG,[16, 121] EEG[25, 73] and EMG,[121, 125] as well as electrostimulation for 

transcutaneous neuromodulation[123, 124] and electrotactile interactions.[9]    

While other soft conductors for bioelectronic interfacing are still in their early stages of 

development, metallic NMs-based stretchable electrodes have  enabled  the construction of 

sophisticated embodiments which not only provide superior performance and reliability, but also 

integrate abundant functional modules to achieve highly autonomous and untethered multifunctional 

bioelectronics. Benefitted from their compatibility with microelectronic protocols, components to be 

integrated together can be developed in a same  process flow and interconnected via stretchable FS 

traces. As an example, in the firstly reported NMs-based epidermal electronic system,[66] various 

modules including strain/temperature/physiological sensors, light-emitting diodes, thin film 

transistors (TFTs) constituted active circuits, signal amplifier, wireless powering and communicating 

coils are already seamlessly configured together in one single device (Figure 7c). The latest progress 

in NMs-based epidermal interfaces features an initial success in clinical practice. Chung et al. 

developed a binodal vital signs monitoring system (Figure 7d) and conducted pilot feasibility testing 

and validation in a neonatal intensive care unit (NICU).[72] The ultrathin, skin-like measurement 

modules are constructed on the basis of abovementioned FS circuits, and can noninvasively and 

gently interface with neonates’ fragile, underdeveloped skin in replacement of conventional rigid 

electrodes and invasive artery probes. Moreover, these devices operate in a fully wireless and battery-

free mode thanks to the incorporation of an NMs-based antenna in compliance with near-field 

communication (NFC) protocols,[50, 122, 127] which allows for simultaneous wireless data 

communication and energy delivery via an individual link. As a result, this epidermal technology not 

only bypasses the limitations of current wired systems, but also provides clinical-grade physiological 

monitoring capabilities in EEG, temperature and blood pressure sensing. Another research interest in 

this field is to break the limitation in overall sizes and deliver epidermal interfaces which are several 

orders of magnitudes larger than the previous embodiments. To fulfill this, a proof-of-concept large-
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area epidermal electrodes array was developed through a contact-mode photolithographic method 

(Figure 7e, left).[73] In this construction, 17 square-shaped fractal mesh electrodes (figure 7e, right) 

are patterned in parallel with each electrode representing a typical physiological sensing site. After 

releasing from the processing wafer, the electrodes array (17 cm in length) can be intimately 

laminated over large regions of human body, such as the full circumference of the forearm (Figure 

7f). For the application in prostheses, the increased device size and electrode quantity enable such 

epidermal system to acquire multi-channel EMG signals from a residual limb to manage exquisite 

prosthesis control. In another practice of full-scalp EEG monitoring, the array provides the capability 

to record electrical activities across the whole brain area during functional magnetic resonance 

imaging (fMRI), which facilitates the concurrent collection of both spatial fMRI and temporal EEG 

signals as complementary information of brain activity.[128, 129] 

Metallic NMs are also widely utilized as soft conductors in implantable bioelectronic devices for 

subdermal oximetry,[79] optogenetics,[130-133] neural interfacing,[100] neuroregeneration[127] and many 

other target applications. In general, metallic NMs cater to three major functions in these implanted 

systems, including (i) serpentine conductive interconnects for the linkage between functional modules; 

(ii) interfacing electrodes for physiological signal recording and electrostimulation; and (iii) coil 

antenna for wireless energy harvesting and signal transmission. Despite the functional versatility of 

NMs in the aforementioned works, their capability to operate in the harsh, humid and often salty 

internal environment of human body is still uncertain and has rarely been demonstrated. Rapid 

penetration of biofluid into the active electronic regions may lead to current leakage, metal corrosion 

and biofouling. Compliant, ultrathin encapsulating layers which can intimately bond to NMs and 

serve as effective biofluid barriers must be developed to prolong the effective lifetime of the metallic 

NMs-based implanted biosensors and stimulators. 

 

4.2. Metallic Nanowires and Their Analogues  
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Nanocomposites formed by imparting metallic nano-fillers into elastomeric polymer matrices offer 

an alternative for stretchable and tissue-compliant bioelectronic interfaces.[2, 134, 135] In these 

stretchable conductors, conductive pathways are established upon the percolation network formed by 

interconnected nano-fillers, which could be metallic flakes,[136-139] nanoparticles (NPs),[140] nanorods 

and nanowires (NWs),[141] etc. It is worth noting that a higher filler ratio increases the conductivity 

but deteriorates the softness and deformability of the composite at the same time. Therefore, for the 

preparation of nanocomposites requiring both high conductivity and large deformability, one 

dimensional (1D) metallic NWs are more favorable than the other options as their high-aspect-ratio 

nature helps to reduce the percolation threshold, resulting in optimal conductivity and minimized 

influence on the mechanical property of the original elastomer. 

Figure 8. Metallic NWs and their analogues for bioelectronic interfaces. 
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Among all the representative metallic NWs, Ag nanowires (AgNWs) possess the highest intrinsic 

electrical conductivity and reasonable production costs. Several routes have been reported for the 

synthesis of AgNWs, among which the polyol approach is considered as the most efficient method 

due to its capability in mass production, low cost and ease of control.[142] As a result, AgNWs have 

been widely applied as conductive fillers in various elastomeric matrices. For example, a laminar 

AgNWs network embedded in the surface layer of PDMS reaches a pristine conductivity of ~ 8.1 × 

103 S cm-1. After several stretching/releasing cycles, the conductivity of the composite stabilizes at ~ 

5.3 × 103 S cm-1 within 50% strain.[143] In another significant contribution, a AgNWs-based screen-

printable ink was formulated to enable high-resolution patterning of stretchable conductor at a feature 

size of 50 μm.[144] The AgNW patterns inlaid in the shallow surface of polyurethane acrylate (PUA) 

exhibit rubbery stretchability and retains over 104 S cm-1 electrical conductivity at 70% strain. In light 

of their tunable mechanical property, outstanding conductivity and simple fabrication methods, 

AgNWs-elastomer composites are considered as ideal candidates for epidermal bioelectronics. For 

example, Choi et al. demonstrated a skin-mounted soft heater for articular thermal therapy (Figure 

8a).[145] In this work, capping ligand bonded to the surface of AgNWs is modified by a ligand 

exchange reaction to facilitate homogeneous dispersion of AgNWs in nonpolar solvent (toluene) 

based styrene-butadiene-styrene (SBS) solution and enables one-step modelling of AgNWs-SBS 

elastic composite in the serpentine mesh design. Around 40 vol% of AgNWs loaded in the physically 

cross-linked SBS matrix yields an optimized conductivity of 1.1 × 104 S cm-1, which allows for rapid 

temperature increase with only 1.0 V voltage being applied. Following up this work, the research 

group implemented the AgNWs-SBS composite in an implantable epicardial mesh to enable both 

ECG recording and cardiac electrostimulation (Figure 8b).[146] The composite mesh is configured as 

soft as cardiac tissue with a Young’s modulus of ~ 44.7 kPa, therefore wrapping it around a moving 

rat heart for ECG measurement will not impede the heart’s normal diastolic relaxation. When 

abnormal electrical conduction in diseased myocardium is detected, the therapeutic electrode can 

subsequently deliver electrostimulation to restore the global synchronous contractions. In another 
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example, Lu et al. developed resilient opto-electrophysiological neural probes by dip coating optical 

fibers with AgNWs then encapsulating with PDMS (Figure 8c, left).[147] The inherent stretchability 

of the probe permits deep implantation in the spinal cord of mouse, meanwhile the high conductivity 

of the AgNW network and low optical transmission loss at the PDMS-fiber interface can be 

maintained under spinal bending or stretching, allowing the probe to simultaneously deliver optical 

stimulations and record neural activities including single-neuron signals and LFPs (Figure 8c, right).  

As an alternative to AgNW, one-dimensional, ultralong Ag nanofibers (AgNFs) could be directly 

electrospun into networks to produce stretchable and highly transparent conductors.[148-150] Park et al. 

demonstrated a wireless bio-sensing contact lens utilizing AgNFs-based electrodes as both antenna 

and interconnects of the functional modules (LED, glucose sensor and rectifier, Figure 8d).[36] The 

superior optoelectronic properties of the AgNFs network (~ 1.3 Ω sq-1 with 90% visible light 

transmittance) are beneficial for power transfer efficiency in the antenna and light transmission. In 

addition, the network exhibits good stretchability with less than 10% resistance increase under 30% 

tensile strain, making it both compliant to the curvilinear eye surface and mechanically durable for 

long-term wearing.    

For chronically implanted bioelectronic devices, the usage of Ag nano-fillers as interfacing 

electrodes may introduce some negative effects. Due to the high tendency of being oxidized, Ag 

nanomaterials are prone to corrosion and biofouling in the biological environment.[151] On the other 

hand, Ag ions leached out from Ag are cytotoxic and potentially harmful to human health.[152] To 

tackle such issue, Choi et al. developed a Ag-Au core-sheath structured NW via galvanic-free 

deposition of Au on AgNWs (Figure 8e), wherein the Ag core confers high electrical conductivity, 

while the inert and bio-stable Au sheath ensures biostability and prevents ion leaching from the Ag 

core.[113] After the coating process, highly stretchable (~ 266 %) and conductive (~ 4.2 × 104 S cm-1) 

(Ag-Au)-SBS nanocomposites could be produced following the procedure mentioned above with the 

assist of hexylamine ligand. To confirm the Au shell’s capability of inhibiting the Ag core from ion 

leaching, both in vitro and in vivo experiments were performed. The in vitro results indicate that only 
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trace level (65 ppb) of Ag ions was detected in the artificial biofluids exposed to the Ag-Au 

nanocomposite for 3 days, which is ~ 80 times lower than the Ag ion level found in those exposed to 

bare AgNWs. The implantation of two different types of nanocomposites in rats further proves that 

the Au shell can effectively reduce Ag ions’ accumulation in all organs.     

Although Au nanowires (AuNWs) are costly in mass production and difficult to synthesize, the 

rationale to employ them in bioelectronics lies in their exceptional biostability and minimal 

cytotoxicity.[153-155] For example, AuNWs have been incorporated within alginate hydrogel to 

facilitate cell cultures.[106] For the cultivation of engineered cardiac patches, AuNWs in the composite 

help to electrically bridge adjacent cardiac cells and considerably reduce the overall film impedance 

compared to the pristine alginate film. As a result, the inclusion of AuNWs is advantageous to 

preparing high quality cardiac patches with stronger contractile strength. Recently, Wang et al. 

reported a success in the synthesis of vertically aligned AuNW films as extremely stretchable and 

biocompatible epidermal electrodes.[156] The “Janus” film contains a densely packed nanoparticle 

layer on top and a vertically aligned NW layer at the bottom (Figure 8f). Such unique feature promotes 

efficient electron hopping in the nanoparticle layer no matter how the NW layer deforms and helps 

to maintain sufficient conductivity even under 800% tensile strain. Based on this AuNW film, an 

intrinsically stretchable glucose biosensor was demonstrated by decorating the vertical AuNWs with 

glucose oxidase and Prussian blue nanoparticles.[37] The biosensor has a glucose sensing resolution 

of 10 μM and can provide a moderate sensitivity even under large deformation.  

 

5. Low Dimensional Nanomaterials for Bioelectronic Interfaces 

5.1. Carbon Nanotubes and Graphene 

Carbon nanotubes (CNTs) are highly conductive, 1D nanomaterials which have received extensive 

research interests since discovery. CNTs are classified as single-walled carbon nanotubes (SWCNTs) 

and multi-walled carbon nanotubes (MWCNTs), and they can display either semiconducting or 

metallic charge transportation depending on the structural chirality. The utilization of CNTs in 
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biomedical applications was initially hindered by their short length (< 1 μm), poor dispersity in polar 

solvents, and the lack in purification methods.[157] Recent advances in CNT synthesis and morphology 

control has led to the preparation of ultralong SWCNTS (> 1 mm) with aligned spatial orientation 

during chemical vapor deposition (CVD) growth,[158, 159] meanwhile the improvements in chirality 

control, purification and functionalization have enhanced the biocompatibility of CNT-based 

bioelectronic interfaces.  

CNT assemblies can achieve large surface area and volumetric capacitance while interfacing with 

biological tissues, therefore they have been actively investigated as functional coatings for implanted 

neural probes to reduce interfacial impedance and consequently improve the SNR of recorded neuron 

spikes.[7, 160, 161] CNT fibers fabricated through wet-spinning have been utilized as implanted 

microelectrodes with great softness, low impedance and chronic biocompatibility.[162] In vivo test by 

implanting the CNT fiber probe into rat cortex suggested an overall reduction in inflammation 

response compared with rigid metallic probes. For the construction of stretchable conductors, the 

high-aspect-ratio CNTs are ideal candidates to form percolation networks within elastomer 

matrices,[163] or they can be assembled as laminar composites[164] on the top surface of elastic 

substrates to provide superior conductivity even under large deformation. Thereby, the use of CNT-

based stretchable conductors have also yielded many fundamental progresses in epidermal 

bioelectronics.[2] For instance, skin conformal CNT electrodes can be employed as ECG sensors for 

long-term health monitoring even under movements.[24] In another example, semiconducting CNTs 

are patterned as the channel material for stretchable TFTs to achieve robust operation under 

deformation. Such TFTs allow for the implementation of differential logic circuits which can nullify 

the strain-induced signal errors.[165] More recent work developed an autonomous self-repairing 

electronic skin by embedding a CNT percolation network in the shallow surface of a self-healable 

PDMS.[166] After bisected cut and self-healing at room temperature for 24 hours, the reconnected 

composite only increased slightly (~ 17%) in resistance, and could still sustain large tensile stretch. 

Such result suggests that the dynamic movement of the modified elastomer also enables the 
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reconstruction of CNT nanostructured networks. Based on this stretchable and self-healable 

composite, a multifunctional electronic skin system integrating the functions of ECG sensing, strain 

monitoring and light emitting was successfully demonstrated. 

As a representative two dimensional (2D) carbon material, graphene has obtained significant 

attention for various bioelectronic devices[167] due to its fast electron transfer property, excellent 

chemical and thermal stability, high surface‐to‐volume ratio and superior mechanical properties such as 

being soft, intrinsically flexible, and mechanically robust. In recent years, graphene has achieved 

good yield production through CVD or reduction from graphene oxide.[168] Meanwhile, it has been 

used in several biomedical applications including bioimaging, drug delivery, anti-bacterial coating, 

tissue engineering, three-dimensional (3D) scaffolds for tissues, and DNA-sequencing.[169-171] 

Recently, it has also emerged as one of the most promising nanomaterials for epidermal and 

implantable bioelectronic devices for its excellent conductivity, biocompatibility, and mechanical 

compatibility with skin and tissues.[172, 173] The intrinsic biocompatibility of graphene is an interesting 

attribute for bioelectronic devices as it helps to reduce inflammatory responses and facilitates stable 

and long-term skin-mounting or implantation. The biocompatible of graphene can be effectively 

tuned via surface chemical functionalization to improve the interaction of graphene with biological 

tissue.[169, 174] Extensive work has been done to evaluate graphene’s biocompatibility with cells and 

neural tissues.[175, 176] Park et al. found an increase in the density of neurons growth on monolayer 

graphene compared to that of glass substrates, due to the effective adhesion of human’s neural stem 

cells with graphene.[177] Biocompatible 3D graphene scaffolds have also been developed for 

facilitating biological cell growth, proliferation, and differentiation.[178] 

The amplitude of action potentials and LFPs generated from the brain is extremely low in the order 

of a few mV.[179] Thus, one of the most desirable properties of implanted electrodes is the high spatial 

and temporal resolution. This can be achieved by reducing the interfacial impedance of the electrodes 

with neural tissues to improve SNR and reduce baseline noise. Microelectrodes with extremely small 

footprints are essential for effective neural recording from single neuron at cellular level, yet 
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simultaneously reducing the size of the electrode and maintaining good SNR is still a huge challenge. 

To address this issue, Kuzum et al. developed a highly flexible graphene microelectrode with low 

baseline noise and improved SNR compared to that of Au electrodes for in vivo neural recording in 

an anaesthetized rat (Figure 9a, top).[180] The improved SNR can be credited to the high conductivity 

and low charge transfer resistance, which was improved by p-type doping, specifically by exposing 

the graphene to nitric acid to absorb electropositive nitrate groups (NO3). The recording of spiking 

activity from brain using the doped-graphene electrodes exhibits a reduction in the noise level by 6 

times compared to Au electrode (Figure 9a, bottom). The noise level can be further reduced by 

adopting other techniques such as surface functionalization, patterning to increase reactive sites, and 

alternative doping strategies to increase the density of active sites.[181]  

Besides, the high charge storage capacity of structured graphene with high effective surface area 

can also increase the amount of interfacial charge transfer to improve SNR.[5, 11] The CIC of electrodes 

for neural stimulation needs to be above a certain level to trigger a functional response.[179] The 

amount of charge injection from the electrode depends on the EDL capacitance of the electrode in 

contact with neural tissues, however single/few-layer graphene has limited surface area and relatively 

low EDL capacitance. To increase EDL and reduce interfacial impedance, Lu et al. reported porous 

graphene electrodes (Figure 9b, right) with high surface area and EDL capacitance, making the SNR 

suitable for rodent cortical stimulation and sensing.[109] Figures 9b (left) shows the photograph of the 

highly flexible porous graphene electrodes array conformally mounted on the pial surface of mouse 

cortex for in vivo cortical recording. Cyclic voltammetry of the porous graphene electrode 

demonstrates higher charge transfer capacity compared to Au electrode (Figure 9c). Even after a 

million biphasic stimulation cycles, there was no significant degradation in the device performance, 

thus indicating a stable electrode for bioelectronics. Apollo et al. used laser induced reduced-graphene 

oxide (rGO) embedded in parylene-C as high CIC electrode for stimulating retinal ganglion cells and 

recording neural activity from cat visual cortex.[182] Extensive work has been done to improve the 

capacitance of graphene-based materials in the active research domain of batteries and 
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supercapacitors, therefore inspiration can be derived from other research fields for the development 

of high capacitance graphene electrodes for implantable bioelectronics.[183, 184] 

Figure 9. Graphene based bioelectronic interfaces. 

 

Simultaneously recording electrical signals and optogenetically stimulating the nerve tissues is of 

great significance for neural treatment and recovery.[185] Furthermore, obtaining in vivo image of 

neural activities during implantation is beneficial for obtaining information of both the interface and 

the neural tissues surrounding it, which can significantly improve the process of implantation.[186] 

However, traditional metallic-based implanted electrodes fail to provide in vivo imaging and optical 

simulation due to its opacity. Thus, it is extremely important to develop transparent electrodes for 

neural interfacing. Indium tin oxide (ITO) material is the most commonly used transparent conductor, 

but it is brittle, rigid, and mechanically incompatible with neural tissues. To address this issue, Park 

et al. developed a transparent and flexible electrodes array based on graphene for neural interfacing, 

optogenetical simulation and imaging.[90] The transparent electrodes were fabricated by CVD and 
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deposited on a parylene substrate, which leads to an over 90% transparency over a wide range of 

spectrum, from infrared to ultraviolet. Figure 9d shows the high transparency of the graphene 

microelectrodes. Besides, the electrodes have excellent mechanical properties such as being ultrathin, 

flexible, and conformal to neural brain tissues. Figures 9e (left) shows the fluorescence image of the 

transparent graphene microelectrodes conformally mounted onto the cerebral cortex of the mouse for 

simultaneous neural signal detection and optogenetical stimulation. Furthermore, Kuzum et al. 

developed a highly transparent and flexible graphene electrode used to record cortical 

electrophysiological signals and image the cortical area simultaneously.[180] These works demonstrate 

that graphene electrodes can be effectively utilized for optogenetic stimulation and in vivo imaging 

of the nerve tissues, along with recording and stimulating electrical signals due to their transparency 

combined with excellent mechanical and electrical properties. 

Another important factor for ensuring long-term stability of the implanted electrodes is the 

chemical stability of the electrodes in biofluids. Metallic electrodes corrode in biological fluids, which 

increases the impedance over a period of time, thus degrading the electrodes’ performance.[187] 

Kuzum et al. used graphene to improve the corrosion resistance of Au electrode by hindering the 

diffusion of molecules and faradic reactions at the interface between metal and biofluids.[180] The 

electrode showed stable performance even after 6 months in a phosphate-buffered saline environment, 

indicating that graphene can effectively act as a corrosion protective layer for metallic electrodes to 

ensure their chronic usage in harsh environments. Alternatively, another approach to reduce 

inflammatory reactions at the neural interface is to utilize the bio-functionality of the graphene to 

release biologically active anti-inflammatory molecules, for reducing immunochemical rejections 

interface.[188] Various biomolecules can be loaded onto graphene utilizing π-π stacking interactions, 

hydrogen bonding and hydrophobic interactions, to be delivered at the neural interface.[160, 189] 

Graphene can also be modified by incorporating functional groups such as hydroxyl, carboxyl, and 

amino to further increase the loading capacity of biomolecules.[190] 
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5.2. MXenes 

Figure 10. MXene based bioelectronic interfaces. 

 

Encouraged by the discovery of atomic nanosheet of graphene, the intensive research interests in the 

2D field have expedited the synthesis of many novel 2D materials.[191] Recently, MXenes, a new class 

of 2D layered materials, have gained significant focus due to their diverse physical and chemical 

properties.[192] MXenes are synthesized by etching sp-group elements from MAX phases, which are 

a cluster of 3D layered materials (metal carbides, carbonitrides, and nitrides) with a general formula 

of Mn+1AXn (n = 1 - 3). In this formulation, M is the d-block transition metal element such as titanium, 

chromium, vanadium and so on, A is the sp-group element such as groups 13 and 14 elements, and 

X is either carbon or nitrogen. Till date, more than 60 varieties of MXenes have been synthesized 

with a myriad of different properties.[193] Figure 10a shows the schematic of MXene’s atomic 

structure, digital photo of delaminated MXene dispersed in water, digital photo of freestanding 

MXene film prepared by vacuum filtration, SEM image of a Mxene film’s cross-section, and TEM 

image of a single-layer MXene flake. Hydrophilicity is an uncommon characteristic of carbon-based 
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nanomaterials, which hinders their aqueous solution processability. However, MXenes are 

hydrophilic due to the abundant functional groups on their surfaces. Therefore, simple and scalable 

solution processes can be adopted to fabricate MXene electrodes. Owing to their excellent metallic 

conductivity (∼10,000 S cm-1), high volumetric capacitance (1,500 F cm-3), favorable 

biocompatibility and superior mechanical properties, MXenes have been recently explored for 

various biomedical and bioelectronic applications such as biosensing,[194] diagnostic imaging,[195] 

cancer theranostics,[196] and neural implantations.  

Recently, the biocompatibility of MXene with biological cells was established by systemic 

injection of MXene for cancer theranostic applications.[196, 197] Furthermore, the biocompatibility of 

MXene with neural tissues was evaluated by studying the cytotoxicity of the in vitro growth of cortical 

neurons on MXene electrodes.[198] Even after 1 week, there was no obvious difference in neuronal 

viability and neurite outgrowth per neuron compared to the polystyrene-based control sample. 

Although neural tissues are highly sensitive to environmental conditions and interactions, MXene 

does not affect their bioactivity. The neuron tissues grew, formed neural networks and adhered to the 

MXene substrate, indicating that MXene can effectively interface with neural tissues. MXene coating 

on implanted metal electrodes can inhibit surface oxidation and provide a mechanically compliant 

neural interface between implants and surrounding neural tissues.[199] Driscoll et al. reported a Ti3C2-

based MXene electrode with high resolution, high SNR, low baseline noise, and low susceptibility to 

high-frequency interference for bioelectronic devices.[198] The electrode was implanted into the brain 

of an anesthetized rat to record signals at various spatial and temporal scales (Figure 10b). Schematic 

diagram and microscopy image of the MXene/Au intracortical electrode array is shown in Figure 10c 

(left).  Spiking activity generated by the same neuron were recorded by adjacent MXene and Au 

electrodes. The MXene electrode demonstrated better SNR compared to that of Au electrode (Figure 

10c, right) attributing to the high electrical conductivity, low interfacial impedance, and high 

volumetric capacitance of the 2D MXene electrode.  
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The detection of electrolytes, metabolites and pH value in biofluids can effectively predict the 

health condition of human.[167, 194, 200] Recently, MXenes have become potential candidates for 

biochemical sensors as their large surface-to-volume ratio and fast electron transfer feature facilitate 

fast response in biomolecule sensing.[167] For example, Lei et al. designed and fabricated a stretchable 

epidermal sweat sensor by incorporating a novel Ti3C2 MXene/Prussian blue composite.[201] 

Attributing to the exceptional conductivity and unique 2D morphology of MXene, this biosensor 

outperforms the previous ones with higher electrochemical sensitivity, sensing accuracy and larger 

linear detection range. In another work, Ti3C2 MXene was utilized to develop a flexible and highly 

sensitive transistor-based biosensor (Figure 10d, left) for the detection of dopamine.[202] The multi-

layered structure of Ti3C2 MXene provides a high surface area for the interaction with biomolecules, 

leading to high sensitivity (Figure 10d, right). The MXene transistor can also be used for monitoring 

real-time spiking activities in primary hippocampal neurons (Figure 10e). When the action potential 

was fired, neurotransmitters are released and bound with MXene to induce a change in the electrical 

signal. Furthermore, Nafion solubilized Au/MXene nanocomposite was used to detect enzymatic 

glucose for the diagnosis of diabetes.[194] Owing to its high specific surface area, the device 

demonstrates high sensitivity (4.2 μA mM-1 cm−2), excellent linearity (in the range from 0.1 mM to 

18 mM), and low detection limit (5.9 μM). The superior in-plane electrical conductivity of MXene is 

further enhanced by incorporating Au nanoparticles on its surface, which improves the enzyme 

immobilization and increases the device sensitivity. Nafion with negative surface charge helps to 

eliminate the penetration of similarly charged species, thus improving the selectivity of the biosensor. 

Additionally, Song et al. developed a ratiometric pH sensor using Ti3C2 MXene quantum dots (QDs) 

to monitor intracellular pH values.[203] The surface of the Ti3C2 is functionalized with 

polyethylenimine (PEI) which exhibits blue photoluminescence attributing to surface defect 

emissions and bandgap transitions. Due to the protonation or deprotonation of the Ti3C2 QDs, it 

exhibits a pH-dependent luminescence behavior. There is a 10% decrease in the intensity of 

absorption spectra with a change of pH value from 5 to 9, thus indicating a highly sensitive pH sensor.  
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Several works have reported the development of gas sensors for monitoring health conditions.[200, 

203-205] The mechanism of gas sensing is based on changing the conductivity of MXene by modulating 

the charge transfer process during the adsorption and desorption of gas molecules on its surface. Kim 

et al. reported using MXene for ammonia sensing. When ammonia molecules are absorbed on the 

oxygen-terminated MXene surface, excessive electrons will be injected into the electrode.[200] Kim et 

al. reported a MXene-based volatile organic compounds (VOC) gas sensor with extremely high SNR 

by utilizing the high metallic conductivity and the high functionalized surface of MXene.[205] We have 

recently shown that MXene can be used to adsorb and control release of aroma small molecules using 

efficient resistive heating due to its good thermal conductivity.[204]  

 

5.3. Transition-metal Dichalcogenides 

Apart from graphene and MXenes, 2D transition-metal dichalcogenides (TMDCs) constitute another 

important category in the family of 2D materials. TMDCs are described by a common formula of 

MX2, wherein M is an optional transition metal and X is an element from chalcogen (S, Se, or Te). 

The arbitrary combination of transition metals and chalcogens delivers various TMDCs possessing a 

wide spectrum of electronic, optical, chemical and mechanical properties,[206, 207] meanwhile the 

enriched polymorphs and tunable electronic energy band of each TMDC material provide the 

possibility to cater for many intended biomedical applications. TMDCs could be synthesized by either 

top-down or bottom-up approaches.[207-209] The top-down method refers to mechanical exfoliation of 

bulky precursors to generate high-quality monolayers, however the yield is low, and precise control 

in flake size and shape is difficult to achieve. The bottom-up method, typically CVD growth, allows 

for the preparation of well size-controlled and single-crystalline TMDCs without the appearance of 

residue compounds, which is beneficial for the usage as bioelectronic interfaces.[209, 210] Recently, a 

molten-salt-assisted CVD process was developed to synthesize a wide variety of TMDCs whose 

precursors are of high melting points.[211]  Besides, pure TMDCs are considered biocompatible with 

little cytotoxicity compared with many other nanomaterials, and the surface of TMDCs is free of 
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dangling bonds,[212] making them highly stable on skin and even in biofluids during long period of 

implantation.     

Molybdenum disulfide (MoS2)  is one of the most extensively studied semiconducting TMDCs 

with a direct bandgap of ~ 1.9 eV.[213] Due to its remarkable chemical stability, optical transparency 

and high charge mobility,[214] MoS2 has been regarded as a promising candidate for future flexible 

electronic systems. For example, MoS2 can be patterned onto ultrathin and flexible epoxy substrate 

to form a skin conformal pressure sensor array,[215] and a more recent work demonstrates a highly 

flexible active-matrix tactile sensor using MoS2 as backplane circuity and strain sensing module.[216] 

For biomedical applications, MoS2 is mainly exploited for biochemical sensing in the modality of 

either TFTs or electrochemical transducers. In the first modality, MoS2 serves as an ideal channel 

material with excellent switching characteristics and sensitive response to biomolecules (e.g. proteins 

and DNA) immobilized on the channel surface.[213, 214, 217-219] These TFT-based biosensors are 

preliminarily fabricated on rigid substrates and only applicable for in vitro biomarkers sampling. 

Recently, MoS2 based TFTs have been processed on flexible PI substrate through a scalable 

method.[219] The sensor array exhibits a picomolar-level sensitivity to a typical type of matrix protein, 

and reveals impressive flexibility and durability by withstanding severe mechanical deformations. In 

the second modality, MoS2 is employed as working electrodes in electrochemical systems. Wu et al. 

firstly presented the preparation of reduced MoS2 with fast electron transfer rate in selected redox 

system,[220] which was successfully used to detect glucose and dopamine. A more recent work features 

a flexible glucose sensor by incorporating MoS2 in the composite working electrode.[221] The 

detection limit of glucose is as low as 10 nM owing to the improved electron transfer rate facilitated 

by MoS2. These initial successes in MoS2-based biosensors pave the way for the integration of 

biologically benign TMDCs into advanced epidermal and implantable bioelectronic systems.     

 

6. Organic Conductors for Bioelectronic Interfaces 

6.1. Conductive Polymers  
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 Figure 11. Conductive polymer based bioelectronic interfaces. 

 

Conductive polymers such as poly(3,4-ethylenedioxythiophene) (PEDOT), polypyrrole (PPy) and 

polyaniline (PANI) have attracted great attention in bioelectronics considering their mechanical 

compliance, facile processability and synthetic tunability for targeted applications. The electrical 

conductivity of these polymers is originated from their conjugated backbones where delocalized 

electrons/holes exist. Further incorporating ionic dopants such as polyelectrolytes can introduce more 

charge transportation sites and hereby boost their electrical conductivity to a higher level. A 

prototypical conductive polymer being widely used is poly(3,4-ethylenedioxythiophene) doped with 

poly(styrene sulfonate); (PEDOT:PSS, Figure 11a). This compound is a heavily p-doped organic 

conductor with exceptional electrical conductivity (> 1,000 S cm-1), biocompatibility and readily 

commercial availability as a solution-processible dispersion.[222] With sufficient hydration, 

PEDOT:PSS exhibits a mixed electronic and ionic conductivity[223, 224] as the electronic carriers are 

highly mobile in the polymer chains while ion-transporting pathways are established in the water-

rich soft polymer matrix. Such unique feature of PEDOT:PSS has been leveraged in a variety of 

bioelectronic interfaces which can benefit from the mixed electronic/ionic conduction.[225-227] For 
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example, PEDOT:PSS coating has long been exploited for increasing the capacitance of miniaturized 

neural probes.[110, 228, 229] Since the coating layer is porous and possesses high ion-drift mobility, ions 

in the extracellular fluid can promptly penetrate the polymer matrix and create molecular-level EDL 

at the electrolyte/PEDOT chain interface. The resulted volumetric capacitance is orders of magnitude 

higher than the capacitance of areal EDL because Ce in this context is proportional to electrode 

volume instead of area.[112] As a result, the high volumetric capacitance can significantly reduce the 

interfacial impedance for both neural recording and stimulation with a small probe footprint. 

The mixed electronic/ionic conductivity in PEDOT:PSS also enables other biosensing functions in 

the modality of organic electrochemical transistor (OECT).[230-234] OECTs share a similar device 

configuration with conventional field effect transistors (FET) wherein the source and drain electrodes 

are bridged with a channel. The major difference is that, instead of being gated across a dielectric 

layer, the organic channel material in an OECT is directly exposed to an electrolyte, which can be 

various biofluids in the context of in vivo and in vitro biological sensing applications. State-of-the-

art OECTs utilizing PEDOT:PSS as channel material work in depletion mode: when excessive cations 

are injected from the electrolyte into the channel to affect the doping state (redox state in the language 

of electrochemistry) of PEDOT, electrical conductivity of  the channel is impaired due to a decreased 

carrier density.[230] Such ionic-to-electronic signal transducing mechanism makes OECT an ideal 

candidate to monitor electrophysical signals associated with ion movements. The first in vivo 

application of flexible OECT recording cortex ECoG was demonstrate by Khodagholy et al.[233] As 

shown in Figure 11b (left), the transistor array was prepared on a 2 µm thick parylene thin film to 

render extreme flexibility and compliance to neural tissues. In vivo ECoG measurements on the 

somatosensory cortex of rats were performed concurrently using a PEDOT:PSS surface electrode, a 

penetrating silicon probe and an OECT, respectively. The superior SNR (44 dB) acquired from OECT 

was twice larger than that obtained from surface electrode (Figure 11b, right), revealing that the local 

signal amplifying capability of OECT is a key advantage in neural interfacing and ECoG recording. 

OECTs can also perform as noninvasive biosensors for the detection of biomarkers in human 
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secretions. For the detection of metabolites, the early-generation OECTs are fabricated on rigid 

substrates and rely predominantly on the interaction between the target molecule and its redox 

enzyme to achieve selectivity.[235, 236] Moving forward, soft and enzyme-free OECTs are developed 

recently as wearable biosensors. For example, an all-PEDOT:PSS-based textile OECT was prepared 

through screen printing and subsequent thermal annealing, wherein PEDOT:PSS modified fabrics are 

utilized as both channel and gate electrodes to detect oxidizable compounds (adrenaline, dopamine 

and ascorbic) without the assist of enzyme.[237] In a separate study, Wustoni et al. synthesized an 

enzyme-free conductive gel via a one-step electropolymerization procedure on flexible PI substrate 

(Figure 11c).[238] The gel electrode contains phenylboronic acid as an alternative to glucose oxidase 

and serves as the planar gate for a glucose selective OECT.  

The organic bioelectronic devices introduced above are flexible yet non-stretchable since the high 

Young’s modulus of PEDOT:PSS (on the order of GPa) merely allows for 5% strain before 

rupture.[239] Blending PEDOT:PSS with plasticizing additives can effectively impart deformability to 

the inherently stiff polymer.  For example, the addition of a fluorosurfactant (Zonyl FS-300) at 1% 

volume ratio endows PEDOT:PSS with 30% reversible stretchability when bonded to a UV/ozone-

treated PDMS substrate.[240] Triton X-100 is another nonionic surfactant which shows strong 

plasticizing effect when excessively added into PEDOT:PSS.[241] The as formed viscoelastic rubber 

with 0.7 wt% Triton X-100 reported by Oh et al. exhibits a maximum rupture strain at around 60%, 

however the insulating nature of surfactant harms the intrinsic conductivity of PEDOT:PSS. To avoid 

such drawback, Wang et al. incorporated ionic liquids into PEDOT:PSS to assist both extensibility 

and electrical conductivity simultaneously.[242] This impressive result was explained as a synergistic 

effect: the addition of ionic liquid weakens electrostatic force between PEDOT and PSS, allowing 

the formation of “hard” PEDOT conductive paths and a “soft” PSS matrix (figure 11d). The softened 

PSS region leads to higher fracture strain, meanwhile the PEDOT region with higher crystallinity 

enhances the electrical conductivity. Thus, the resulting PEDOT:PSS film has a high conductivity of 

4,100 S cm-1 under 100% strain, and the maximum endurable strain is 800% before substrate fracture. 
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However, the cytotoxicity of fluorosurfactants and ionic liquids prevents the utilization of highly 

stretchable PEDOT:PSS as biocompatible interfacing electrodes. To tackle such issue, the same team 

followed up on the previous work and developed an implantable PEDOT:PSS-based neural interface 

by removing the ionic liquid additive through water exchange.[93] The resulted PEDOT:PSS hydrogel 

exhibits remarkable aqueous stability and biocompatibility, yet at a cost of decayed electrical 

conductivity and stretchability. Therefore, strategies that simultaneously boost the biological, 

mechanical and electrical performances of PEDOT:PSS should be developed with great attention for 

future conductive polymer-based bioelectronics.    

 

6.2. Ionically Conductive Hydrogels 

Traditionally, microfabricated silicon and metals are used as electrode in bioelectronic devices due 

to its chemical stability and non-toxicity.[5, 13] However, there exists a huge mismatch in Young’s 

modulus (approximately in the order of 106 times) between conventional rigid bioelectronic 

electrodes and neural tissues. This leads to inflammatory response,[243, 244] scarring[245, 246] and 

immunochemical rejection in biological tissues, and results in the degradation in the device 

performance, depleting the life-time and reducing the safety margin of its operation. For effective 

integration of the implanted electronic devices with the biological tissues, one of the key criteria is 

Young’s modulus matching between the interfacing materials and the surrounding biological tissues. 

Hydrogels are compatible with the biological tissues due to their similar mechanical, chemical and 

ionically conductive properties, thus they are considered as suitable candidates for both epidermal 

and implantable bioelectronic devices.[251] Hydrogel mostly comprises 70 - 90 wt% of water, which 

is very similar to the water content of biological tissues.[252] Hydrogels are soft material with its 

mechanical modulus in the range of a few kPa (similar to that of neural tissues), in which the polymer 

matrix provides the required mechanical strength. The formation of the polymer matrix could be 

facilitated by chemical crosslinking, ionotropic crosslinking and physical interactions such as 

hydrogen bonding. Representative hydrogels with Young’s modulus similar to biological tissues are 
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categorized in Table 2 with their synthesis methods, electrical and mechanical properties summarized. 

Recently, a few works have reported tough hydrogels formed by dense and robust hydrogel bonding 

with Young’s modulus in the range of 1.3 - 5.4 MPa and fracture energy in the range of 600 - 4,500 

J m-2.[253] Furthermore, by utilizing the strategy of crack bridging by covalent crosslinks and 

unzipping the network of ionic crosslinks, extremely tough hydrogels have been reported with a 

fracture energy of 9,000 J m-2.[254] Thus, mechanical properties of hydrogel can be effectively tuned 

for a variety of different applications.  

Table 2. Representative ionically conductive hydrogels. 

Polymer network Charge carriers Synthesis method 
Ionic conductivity  

(S cm-1) 

Young’s 

modulus 
Ref 

PEG Various salts  Chemical crosslinking N/A 45 Pa [103] 

PEG Na2HPO4/Na2SO4 Chemical crosslinking 7.71 × 10-3 N/A [105] 

PAAma) LiCl Chemical crosslinking N/A 12 kPa [247] 

Silk fiber CaCl2 Metal ligand crosslinking 5.99 × 10-3 160 kPa [23] 

PAAm Polyelectrolyte 
Chemical/ionotropic 

crosslinking 
3.5 × 10-2 N/A [248] 

PAA-co-DMAPSb) NaCl 
Dynamic ionotropic 

crosslinking 
2 × 10-5 27.6 kPa [249] 

PVA Na2B4O7 Dynamic hydrogel bond 2.9 × 10-5 15 kPa [250] 

a) PAAm = polyacrylamide; b) DMAPS = 3-dimethyl (methacryloyloxyethyl) ammonium propane sulfonate 

 

Hydrogels have been broadly used in many biomedical applications such as cell culture,[255] organ 

replacement, wound healing patches,[256] neural implantations, tissue engineering scaffolds,[257] and 

soft tissue adhesives.[258] There have been several reports on the use of hydrogels as a coating on 

existing rigid electrodes to increase their biocompatibility. Spencer et al. coated polyethylene glycol-

dimethacrylate (PEG-DMA) hydrogel on glass capillaries electrodes (Figure 12a).[259] The Young’s 

modulus of the PEG-DMA hydrogel was controlled by tuning the molecular weight and concentration 

of the macromer. After implanting the electrode into the rodent brain for eight weeks, the PEG-DMA 
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hydrogel coated sample showed a significant reduction in the reactivity of glial fibrillary acidic 

protein (GFAP). However, the glass capillaries-based electrodes are still rigid, making it unsuitable 

for long term implantation. To address this issue, Rao et al. coated polyethylene glycol-containing 

polyurethane (PU) hydrogel on soft PDMS rods.[260] After implanting the probes into the cortex of rat 

for six weeks, they observed a reduction in the neuronal cell loss and glial scarring at the location of 

implantation.   

Figure 12. Ionically conductive hydrogel based bioelectronic interfaces. 

 

Other issues associated with interfacing the bioelectronics devices (electrode array) with the 

nervous system is the electrode array degradation, and charge imbalance caused by the prolonged 

high-frequency stimulation.[261, 262] Typically, to restore charge balance, direct current (DC) is 

prevented from being transduced to the surrounding tissue by using a capacitor. However, capacitors 

are not effective at high frequency. Thus, the effective way is to develop electrode materials which 

prevents charge imbalance. Hydrogels provide a very high surface area which can effectively resolve 

the charge imbalance across electrode in electrical therapy-based nerve block applications. Gilmour 
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et al. evaluated the performance of hydrogel coated electrodes with commercially available bare Pt-

Ir electrode for high-frequency nerve stimulation.[263] They observed that for both in vivo and in vitro 

conditions, the hydrogel coating on the nerve cuff electrode array improves the electrochemical 

properties and significantly reduced the impedance across the electrode and the nerve tissues at high 

frequencies. The hydrogel electrodes significantly increase the CIC of the electrode at lower voltage 

and power compared to metallic electrodes. This ensures safe operation and enables smaller and more 

spatially selective electrodes in implanted devices. Thus, the hydrogel-based electrodes are most 

suitable for high-frequency electrode stimulation for nerve block therapies. 

Biological tissues are ionically conductive with a relatively low level of electrical conductivity (in 

the range of 0.1 to 1 S m-1,[11, 87] while metallic electrodes conduct electricity due to the flow of 

electrons. To stimulate  the biological tissues, the electronic current in the metallic electrodes is 

converted to ionic current at the interface between ionically conductive tissues and electrically 

conductive electrodes through faradic charge injection or capacitive coupling. When the voltage drop 

across this interface exceeds a certain threshold, it causes localized heating, formation of chemically 

reactive species, and changes in the pH, thus leading to the degradation of the electrodes and severe 

immunochemical reactions that damage the biological tissues. Ionically conductive hydrogels can be 

used to partially alleviate the abovementioned issues. The conductivity of hydrogel is based on ionic 

current due to the transport of mobile ions, thus facilitating safe, seamless, and effective integration 

between electrodes and tissues by eliminating the conversion of electronic current to ionic current. 

Furthermore, the water content in the hydrogel electrodes helps to dissipate heat associated with 

current injection, thereby inhibiting burns and pains caused by conventional metallic electrodes.[105] 

The working mechanism of the hydrogel electrode is associated with the formation of an EDL 

capacitor across the hydrogel-metal interface (Figure 12b). The metallic electrode acts as the 

electronic conductor and hydrogel acts as the ionic conductor. Charge flow across the EDL is based 

on capacitive coupling, where no electrochemical reaction takes place at the EDL interface. The 

hydrogel electrode acts as a buffer layer between the metallic electrode and the biological tissue.[264] 
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During neural recording, action potentials fired by the neurons will simultaneously trigger ions’ 

migration in the ionically conductive hydrogel, and subsequently induce current flow in metal. During 

neural stimulations, the applied electrical potential couples across the EDL at the hydrogel-metal 

interface and drives an ionic current in the hydrogel towards the neural tissue, which creates an 

electrical potential at the outer membrane of the targeted neural tissue, thus stimulating the 

neurons.[265] 

Hydrogel-based ionic conductors typically possess relatively low ionic conductivity ( 10-4 - 10-3 S 

cm-1) and slow response time due to the sluggish nature of mobile ions. Therefore, they are not 

suitable for certain applications such as monitoring high-frequency (>1,000 Hz) single neuron spikes. 

Low conductivity also leads to high interfacial impedance which can degrade the SNR during neural 

signal recording. Thus, it is essential to further improve the ionic conductivity of the ionic hydrogels. 

To address this issue, Zhao et al. fabricated a salt/poly(ethylene glycol) aqueous two-phase system 

(salt/PEG ATPS) based hydrogel which is compatible and stable in aqueous and living environments 

(Figure12c, top).[105] The PEG rich phase has low conductivity due to the low salt content and the 

salt-rich phase is highly conductive due to the high salt content. The high resistance contrast between 

the two-phase of the hydrogel facilitates the concentration of the ionic current in the salt phase, thus 

reducing the leakage current via PEG, which is desirable for the delivery of localized current. Based 

on this ATPS, ionic circuits were developed using UV-assisted bonding and micro molding. Owing 

to the low mechanical stiffness of the salt/PEG ATPS-based hydrogel, the dimension and shape of 

the ionic channels can be modified by external mechanical force. This hydrogel was implanted onto 

rat tibialis anterior (TA) muscle for electrical stimulation of muscle tissues. Various experimental 

results demonstrate that the developed hydrogel-based ionic stimulator is suitable for the transmission 

of sub-tetanic signals to skeletal muscle with reduced local heating and tissue damage compared with 

carbon and metal electrodes (Figure 12c, bottom). 

In certain applications, achieving simultaneous neural stimulation and recording is essential. The 

conventional setup uses glass fibers to transmit light to neurons for neural stimulations, and employs 



42 

 

metal wires to record electrophysiological signals.[266] However, using two different materials/devices 

for stimulation and recording increases the degree of invasiveness and cannot locate the exact site of 

implantation. To address this issue, Sheng et al. reported a single fiber-based polyethylene glycol 

(PEG) hydrogel neural probe (Figure 12 d-e) that functions both as an ionic conductor (for electrical 

recordings) and as an optical fiber (for co-locating the site of laser stimulations) in the brain of a 

mouse.[103] After implantation, the PEG hydrogel acts as an interface between the metallic electrode 

of the detector and the cytomembrane of the neurons, and mimics the extracellular environment 

chemically by exchanging matter (such as ions, molecules, and water) with the neurons. The hydrogel 

in the frozen state is stiff, which facilitates its insertion into the soft brain tissue. After the insertion, 

it will become soft and mechanically compatible with the brain tissues. The PEG hydrogel as a neural 

interface shows less immunochemical rejections compared to metallic electrodes, thus enabling 

chronic operation in both in vivo and in vitro conditions.  

 

6.3. Electrically Conductive Hydrogels  

To further improve the interfacing performance of hydrogel-based bio-electrodes, enhancing both 

ionic and electronic conductivity without compromising the biocompatibility and the soft mechanical 

characteristics of hydrogel is becoming important. Electrical conductivity can be introduced to 

hydrogel by incorporating electrically conductive fillers. Polymer-based electrically conductive 

hydrogel is a hybrid material comprising interpenetrating hydrogel network and conductive polymer, 

such as PEDOT:PSS, PPy and PANI. The hydrogel network provides the required mechanical 

properties, and the conductive polymer provides the electrical conductivity.[225-227] Various 

approaches, including direct blending, in-situ and in-growth polymerization methods, have been 

devoted to develop electrically conductive hydrogels.[267-273] Table 3 summarizes the representative 

electrically conductive hydrogels including their formulations, synthesis methods, electrical and 

mechanical properties.  
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Figure 13. Electrically conductive hydrogel based bioelectronic interfaces. 

 

Among all the conductive polymers, PEDOT:PSS-based hydrogels have gained significant 

attention in various bioelectronic devices.[226, 274] Kim et al. reported developing a conductive 

hydrogel coating to improve the neural recording capability of the electrodes.[272] Sodium alginate is 

used as the hydrogel matrix and PEDOT is used as the conductive material. The PEDOT significantly 

improves the recording functionality of the hydrogel electrode and helps to restore interfered 

electrical signals. Castagnola et al. also demonstrated a  fibrin hydrogel coating with nanocomposite 

of carbon nanotube (CNT) and PEDOT nanocomposite to improve  the neural recording capability 

(Figure 13a).[275] The electrode was coated with PEDOT-CNT nanocomposite by electrodeposition 

and successfully reduced the contact impedance by 2 orders of magnitude. To boost the mechanical 

matching with the surrounding tissues, the electrodes were further encapsulated with human fibrin-
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based hydrogel which prevents the direct exposure of the nanocoating with the brain tissues. The 

electrode was used to record neural signals from rat somatosensory cortex. 

Table 3. Representative electrically conductive hydrogels. 

Polymer network Charge carriers Synthesis method 
Electrical conductivity  

(S cm-1) / Impedance 
Young’s modulus Ref 

PEDOT:PSS PEDOT:PSS Anneal and reswell 40 2 MPa [276] 

PEDOT:PSS PEDOT:PSS Water exchange 47.4 ± 1.2 32 ± 5.1 kPa [93] 

PAA PEDOT:PSS 
Infiltration of secondary 

polymer 
2.4 ± 0.5 × 10-1 8 - 374 kPa [277] 

PAAm PANI In situ polymerization 5 × 10-2 125 kPa [268] 

PNIPAM PANI In situ polymerization 8.4 ± 0.2 × 10-3   66.1 Pa [269] 

PAAm PANI In situ polymerization 3.9 × 10-1   N/A [267] 

Agarose PPy In situ polymerization 1.95 × 10-1 46 kPa [273] 

Alginate PPy In situ polymerization 1.1 ± 0.3 × 10-4   20 – 200 kPa [278] 

Alginate PPy Electrochemical deposition 7 kΩ at 1 kHz N/A [271] 

PVA-taurine PEDOT/pTS 
Photopolymerization and 

electrodeposition 
N/A N/A [263] 

Alginate PEDOT Electrochemical deposition 2.5 ± 0.5 kΩ at 1 kHz N/A [228] 

Human fibrin PEDOT-CNT Electrochemical deposition 4.4 kΩ at 100 Hz N/A [275] 

 

Feig et al. reported an interpenetrating hydrogel network, formed by infiltrating a loosely 

crosslinked PEDOT:PSS network with a polyacrylic acid (PAA) based secondary polymer scaffold 

(Figure 13b).[277] A record-high conductivity of 0.23 S cm-1 was achieved by improving the 

connectivity of the PEDOT:PSS network through controlled gelation of the conductive PEDOT:PSS 

polymer. The interpenetrating electrically conductive polymer matrix and the ionically conductive 

hydrogel matrix leads to the formation of EDL at molecular level, resulting in a significant increase 

in capacitance compared to that of the metal and ionic conductor interactions. The high volumetric 

capacitance leads to a significant decrease in the interfacial impedance, resulting in improved 
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bioelectronic performance in terms of both stimulation and recording. Due to the low solid 

concentration of PEDOT:PSS (around 1.1 wt%) in the hydrogel, its Young’s modulus can be 

effectively controlled (in the range of 8 - 374 kPa) by tuning the secondary polymer network without 

affecting the conductivity (>10 S m-1) and stretchability ( > 100%). Additionally, due to its tunable 

mechanical properties, the hydrogel can be easily molded into various geometries (Figure 13c) to 

meet the demands of specific applications.  

Miniaturization of conductive hydrogel electrodes is challenging due to the lack of micropatterning 

methods for hydrogel at sub-100-μm resolution. Traditional photolithographic patterning process is 

incompatible with general hydrogels because of their high water inclusion and porous microstructure. 

To address this issue, Liu et al. developed a hydrogel precursor formed by blending PEDOT:PSS with 

ionic liquids. Such PEDOT:PSS ionogel can be patterned at a feature resolution of 5 μm via 

photolithography and dry etching, then transform into a micropatterned PEDOT:PSS conductive 

hydrogel by subsequent water exchange (Figure 13d).[93] Based on this method, conductive hydrogel 

in the form of microelectrode arrays for sciatic nerve stimulation in mice was prepared (Figure 13e). 

The developed electrode demonstrated stable electrical behavior when subjected to mechanical strain, 

and showed a significant reduction in the interfacial impedance, resulting in a higher current density 

compared to Pt base electrodes. For effective integration of the bioelectronic devices with biological 

tissues, Young’s modulus of both conductors and passivating/insulating polymers should be similar 

to that of biological tissues to reduce mechanical mismatch. In order to achieve this, a stretchable (up 

to 200%) UV-crosslinked dimethacrylate-functionalized perfluoropolyether (PFPE-DMA) polymer 

was prepared with a tunable Young’s modulus < 30 kPa. The stability and biocompatibility were 

evaluated by implanting the electrode array consisting of PEDOT:PSS hydrogel as the electrode and 

PFPE-DMA as the insulating layer in live mice for localized, low-voltage electrically stimulated 

muscle movements. After 6 weeks period, no severe inflammation was found and a good electrode 

connection with the surrounding nerves was maintained. 
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7. Conclusion and Future Outlook 

Figure 14. Research trends for future soft bioelectronic interfaces. 

 

In the realm of advanced health care, the endeavors to replace rigid epidermal electrodes/implants 

with compliant, imperceptible bio-integrated devices have triggered the inception and rapid 

development of soft bioelectronics over the past decade. In view of the complex physical and 

mechanical interaction at the coupled abiotic-biotic interfaces, researchers are motivated to infuse 

flexible/stretchable materials with novel features which could improve biocompatibility. With 

immense amount of efforts being made, soft conductors ranging from metallic and carbonaceous 

nanomaterials, to conductive polymers and many hydrogels have been successfully tailored to meet 

the demand of seamless integration and chronic operation as bioelectronic interfaces, thereby serving 

as a powerful foundation for next-generation epidermal/implantable systems. The soft conductor-
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based interfaces summarized in this review represent the recent and cutting-edge strategies attempted 

to push the boundary of diagnostic and therapeutic technologies. However, profound challenges still 

need to be solved before fulfilling the vision of a “soft” future from bench to bedside, translating 

laboratory demonstrations to real world settings. As an example, symptoms detection of many chronic 

neural diseases requires the capability to track physiological signals over months and even years, yet 

the lifetime, long-term stability in mechanical robustness and sensing performance of the so far 

reported soft implants have seldom been testified in vivo. Besides, toxicity of some new materials is 

still questionable due to the lack in strict evaluation, therefore cautions must be exercised when 

adopting them as bioelectronic interfaces, especially in invasive applications. The path towards 

clinical translation could only progress through many iterations before the final authentication of their 

biostability and non-toxicity.  

A separate consideration lies in the approach to incorporate unusual characteristics into these soft 

bioelectronic interfaces through molecular design and material chemistry engineering. For instance, 

self-healable materials,[279] including ionic conductors (Figure 14a),[250, 280, 281] CNT composites[166] 

and multiple dielectric elastomers,[139, 282-285] have been developed and benefited from the emerging 

self-healing chemistry to mimic the restorative capability of human skin. By integrating the individual 

self-healing modules into a functional epidermal bioelectronic system, attractive breakthroughs will 

be achieved in the near future to make compliant and ultrathin epidermal interfaces mechanically and 

electrically robust against unexpected damages. Transient bioelectronics[286] represent another aspect 

where materials chemistry can bring about significant impacts in the next generation implants. 

Conventional implanted biomedical devices are non-bioresorbable and inevitably require secondary 

device removal surgery with the risk of unwanted tissue trauma or infection during the surgical 

procedure. Implantable bioelectronic interfaces constructed entirely out of biodegradable materials 

can avoid the aforementioned problem owing to their capability to dissolve, degrade or disintegrate 

in biofluids after a controlled period of device lifetime (Figure 14b).[287-290] Fundamental research in 

materials chemistry will be essential to advance this emerging aspect. One imperative challenge to be 
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addressed is how to actively control the materials’ lifetime without being affected by physiological 

conditions such as pH, ion concentration and temperature.[291] The biocompatibility and cytotoxicity 

of byproducts after degradation should also be carefully studied before in vivo tests. 

In addition, the development of precise and high-yield fabrication techniques is also essential for 

soft bioelectronic interfaces at the stage of industrialization. Firstly, manufacturing processes in 

current electronic industry must be improved to accommodate unconventional soft substrates and 

conductors; next, mass productivity with quality control should be ensured for the sake of cost 

efficiency; furthermore, inexpensive, rapid and high-resolution patterning techniques are highly 

desired to deliver miniaturized electrode footprint for certain bioelectronic applications. Conventional 

electronics are primarily developed through reliable photolithography and vacuum deposition 

procedures, which are however time-consuming, costly and generate large amount of chemical wastes. 

Printing technologies, including roll-to-roll/gravure printing, screening printing,[292] additive inkjet 

printing[293-295] and 3D printing,[296] are considered promising candidates for scalable, eco-friendly 

and low-cost manufacturing methods of bioelectronic devices. The low processing temperature of 

these printing methods is beneficial for most plastic/elastomer substrates, meanwhile they are 

inherently compatible with solution-processable organic conductors such as conductive polymers[242, 

297-300] and ionically/electrically conductive hydrogels (Figure 14c).[301-303] Besides, a broad variety of 

inorganic nanomaterials, such as metallic flakes,[136] nanowires,[144, 304] CNTs[163, 305, 306] and 2D 

nanosheets (Figure 14d),[307, 308] have been successfully dispersed in liquid phase to formulate 

printable inks with on-demand rheological and chemical properties. Novel encapsulating materials 

such as anti-biofouling coatings may also be required in implanted bioelectronic probes, and aerosol 

jet printing method for high quality and conformable coating could be utilized.[309] While most 

examples listed here are not targeted at biomedical applications, we believe that the establishment of 

high-throughput production lines for printable devices will represent a milestone in the roadmap of 

soft bioelectronics towards medical diagnosis and treatment. 
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From the perspective of system-level embodiments, maturation of wireless powering and signal 

transmitting protocols will definitely help to untether future medical systems from massive wirings. 

Meanwhile, powering solutions including in vivo energy storage and energy harvesting technologies, 

should be extensively studied to support long-time functioning of integrated sensors, stimulators and 

other functional components. Among all the wireless strategies, inductive resonant antenna-based 

NFC technology represents one of the most promising solutions for energy harvesting and data 

transfer in a compact, ultrathin and skin-like form factor.[310] Miniaturized and flexible/stretchable 

NFC antennae are typically fabricated using metallic NMs (Figure 14e) as introduced in section 4.1.[55, 

311-313] Recent works have demonstrated antennas-based on 3D helical NMs,[314] liquid metal[315] and 

nanomaterial composites[316] to achieve novel properties such as improved quality factor, 

stretchability and transparency (Figure 14f). However, current soft NFC modules have unavoidable 

limitations including the short communicating distance and unstable operation under extreme 

deformations, which should be adequately addressed before implementation. Besides, soft 

epidermal/implantable devices that harvest electrical energy from light[317] or mechanical motions[318-

320] may offer alternative approaches to power bioelectronic devices. In conclusion, there is still a 

wide room for innovation, design, fabrication, and development of biocompatible soft bioelectronics 

with improved properties for effective bioelectronic integration. For future progress, interdisciplinary 

collaborations between material scientists, electronic engineers and medical specialists will be pivotal 

to yield broader impact in soft bioelectronic interfaces.   
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Figure Captions 

 

Figure 2. Schematic of skin anatomy and the summarization of various physiological signals 

accessible from epidermal sensors. 

 

Figure 2. Epidermal bioelectronic sensors. a) Representative epidermal physical sensors including a 

triboelectric motion sensor (top left), a flexible multifunctional sensor for skin temperature, heart rate, 

physical activity and UV light monitoring (top right), a wireless epidermal sensor for on-skin 

temperature and pressure mapping (bottom left, scale bar, 8 mm), and a stretchable mechano-acoustic 

sensing platform for cardiovascular diagnostics (bottom right). Reproduced with permission.[14, 68] 

Copyright 2017, American Chemical Society; Copyright 2018, AAAS. Reproduced under the terms 

of Creative Commons Attribution NonCommercial License 4.0.[16, 20] Copyright 2016, AAAS; 

Copyright 2016, AAAS. b) Representative epidermal electrical (electrophysiological) sensors 

including a CNT-based tether-free ECG sensor (top left), a stretchable and breathable electronic 

fabric for ECG/EMG measurement (top right), and an ultrathin epidermal sensor for long-term, high 

fidelity EEG recording (bottom). Reproduced under the terms of Creative Commons Attribution 4.0 

International License. [24, 29] Copyright 2014, Nature Publishing Group; Copyright 2014, Nature 

Publishing Group. Reproduced with permission.[25] Copyright 2015, National Academy of Sciences 

USA. c) Representative epidermal chemical sensors including a wearable and disposable epidermal 

strip for selective screening of biomarkers in sweat (top left), a skin-interfaced microfluidic/electronic 

system for simultaneous detection of metabolites and sweating rate (top right), an ultra-flexible 

organic pulse oximeter (bottom left), and a miniaturized skin-mountable pulse oximeter (bottom 

right). Reproduced under the terms of Creative Commons Attribution NonCommercial License 4.0.[35, 

50, 54] Copyright 2017, AAAS; Copyright 2019, AAAS; Copyright 2016, AAAS; Reproduced with 

permission.[55] Copyright 2017, Wiley-VCH. 
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Figure 3. Epidermal stimulating devices. a) Photograph of an array of transcutaneous electrical 

stimulation electrodes (left) and the resulting neuromuscular voltage response (right). Reproduced 

with permission.[9] Copyright 2016, Wiley-VCH. b) Photographs of an epidermal stimulating 

platform showing its stretchability (left) and conformability to human body (right). Reproduced with 

permission.[113] Copyright 2018, Nature Publishing Group. c) Schematics of the iontophoresis 

mechanism for sweat induction and on-site analysis. d) Photographs of an autonomous sweat 

extraction and ion screening platform. Reproduced with permission.[63] Copyright 2017, National 

Academy of Sciences USA. e) Illustration and photograph of a tattoo-based wearable iontophoretic-

biosensing system. Reproduced with permission.[34] Copyright 2016, American Chemical Society. 

 

Figure 4. Material requirements for epidermal Interfaces. a) Photographs of a hydrogel patch adhered 

to human skin with the assist of the silk adhesive (left) and an ECG electrode with the conductive silk 

gel as interfacial coating (right). Reproduced with permission.[23] Copyright 2018, Wiley-VCH. b) 

Photographs highlighting the importance of adhesive modulation. The peeling force generated when 

removing the modified adhesive is much lower than the conventional ECG adhesive. Reproduced 

under the terms of Creative Commons Attribution 4.0 International License.[72] Copyright 2019, 

AAAS. c) Photograph of a porous silicone-based sweat sensor attached on human skin (left) and SEM 

image of an elastomeric silicone sponge. Reproduced with permission.[28, 48] Copyright 2014, Wiley-

VCH. Copyright 2018, Wiley-VCH. d) SEM image of a microperforated soft silicone substrate with 

serpentine Au mesh electrode patterned on top (left); SEM tilted view of a microperforated soft 

silicone substrate laminated on a skin replica (right). Reproduced with permission.[73] Copyright 2019, 

Nature Publishing Group. e) Optical microscope image of nanomesh conductors conformally bonded 

with the uneven skin surface (left) and SEM image showing the epidermal nanomesh conductors is 

not blocking the sweat pore (right). Reproduced with permission.[27] Copyright 2017, Nature 

Publishing Group. f) Photograph of an electrophysiological sensor with porous graphene as electrodes 
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(left) and SEM image of the laser-induced porous graphene (right). Reproduced with permission.[28] 

Copyright 2018, Wiley-VCH. 

 

Figure 5. Schematics depicting neural signals recorded at different length scales. a) LFP generated 

by a small cluster of subcortical neurons with equipotential lines being depicted. b) Extracellular 

potential generated by an individual neuron with equipotential lines being depicted. c) Action 

potential across a neuron's membrane activated during the depolarization process.  

 

Figure 6. Material requirements for neural interfaces. a) Photograph of a silicon-based Utah electrode 

array for chronic intracortical neural recording and stimulation. Reproduced with permission.[321] 

Copyright 2000, Elsevier. b) Photograph of a cortex-conformable electrode array on 25μm thick PI 

substrate. Reproduced under the terms of Creative Commons Attribution 4.0 International License.[180] 

Copyright 2014, Nature Publishing Group. c) Photograph of a nanowire-based stretchable electrode 

grid embedded in PDMS. Reproduced under the terms of Creative Commons Attribution 

NonCommercial License.[99] Copyright 2018, Wiley-VCH. d) 3D printed living responsive hydrogel 

for chemical detection. Reproduced with permission.[104] Copyright 2018, Wiley-VCH. e) Equivalent 

circuit model of electrode-tissue interface. The figure is illustrated in the signal recording condition. 

Reproduced under the terms of Creative Commons Attribution License 4.0.[5] Copyright 2017, AAAS. 

f) Laser pyrolysis induced porous graphene array as low impedance neural interfaces. Reproduced 

under the terms of Creative Commons Attribution 4.0 International License.[109] Copyright 2016, 

Nature Publishing Group. g) Schematic of the experimental sample for water penetration testing. Here 

the bio-fluids barrier is the SiO2/HfO2 bilayer (left); SEM image of a 100 nm thick thermal SiO2 layer 

on PI substrate (right).[115] Reproduced with permission. Copyright 2018, Wiley-VCH. 

 

Figure 7. Metallic NMs-based bioelectronic interfaces. a) SEM image of buckled NMs (left) and 

photograph showing the deformability of the buckled NMs on PDMS substrate (right). Reproduced 
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with permission.[117] Copyright 2008, National Academy of Sciences USA. b) Micrographs of the 

filamentary serpentine (FS) mesh with (left) and without (right) the exertion of 30% strain. 

Reproduced with permission.[125] Copyright 2013, Wiley-VCH. c) Micrograph of a multifunctional 

epidermal electronic system fabricated via NMs-based electronics. Reproduced with permission.[66] 

Copyright 2011, AAAS. d) Photograph of the wireless epidermal electronic systems illustrating their 

sizes and physical form factors. Reproduced under the terms of Creative Commons Attribution 4.0 

International License.[72] Copyright 2019, AAAS. e) Photograph of three sets of large-area epidermal 

electrodes array fabricated on silicon wafer (left) and the magnified view of an individual fractal 

electrode (right). f) Photograph of a large-area epidermal electrodes array laminated on the forearm. 

Reproduced with permission.[73] Copyright 2019, Nature Publishing Group. 

 

Figure 8. Metallic NWs and their analogues for bioelectronic interfaces. a) Photograph of a soft 

articular heater based on AgNWs-SBS composite; Crosssectional-SEM of the composite electrode 

(inset). Reproduced with permission.[322] Copyright 2015, American Chemical Society. b) 

Photographs showing the elasticity of a AgNWs-SBS epicardial mesh (left); photograph of the mesh 

encircling a 3D printed heart model (right). Reproduced with permission.[323] Copyright 2016, AAAS. 

c) Cross-sectional view of the soft neural probe and the magnified view of the AgNWs coating layer 

(left); schematic depicting simultaneous neural recording and optical stimulation in a mosue spinal 

cord (right). Reproduced under the terms of Creative Commons Attribution NonCommercial License 

4.0.[147] Copyright 2017, AAAS. d) Schematic of the functional modules and AgNF 

antenna/interconnect on the smart contact lens. Reproduced under the terms of Creative Commons 

Attribution NonCommercial License 4.0.[36] Copyright 2018, AAAS. e) SEM image and 

backscattered electron image (inset) of Ag-Au core-sheath nanowires (left); EDS elemental mapping 

of the nanowire revealing the distribution of Au and Ag and its core-sheath structure. Scale bars, 5 μm 

and 200 nm (inset). Reproduced with permission.[113] Copyright 2018, Nature Publishing Group. f) 

SEM image (left) and illustration (middle) of the vertically aligned AuNWs and photograph (right) 
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of a freestanding “Janus” film. Scale bars, 500 nm and 1cm. Reproduced with permission.[156] 

Copyright 2018, American Chemical Society. 

 

Figure 9. Graphene-based bioelectronic interfaces. a) Photograph of the highly flexible graphene 

microelectrode for neural implantation (top left); micrograph of electrode array (top right); Graph 

comparing the recorded spiking activity from brain using Au electrode and doped graphene electrode 

(bottom). Reproduced under the terms of Creative Commons Attribution 4.0 International License.[180] 

Copyright 2014, Nature Publishing Group. b) Photograph of the flexible porous graphene electrode 

array placed at the surface of mouse cortex for in vivo cortical sensing (left); SEM image of the 

porous graphene electrode (right). Scale bar, 100 µm. c) Cyclic Voltammetry of the porous graphene 

electrode demonstrating high charge transfer capacity compared to Au electrode. Reproduced under 

the terms of Creative Commons Attribution 4.0 International License.[109] Copyright 2016, Nature 

Publishing Group. d) Photograph of the rat brain sized graphene microelectrodes array and the 

magnified image showing the transparency of graphene electrode. Scale bar, 500 mm. e) Fluorescence 

image of the transparent graphene micro-electrode implanted onto the cerebral cortex of the mouse 

(left). Scale bar, 500 µm; fluorescence image of the Pt electrode implanted into the cerebral cortex of 

the mouse for comparison (right). Scale bar, 750 µm. Reproduced under the terms of Creative 

Commons Attribution 4.0 International License. [90]  Copyright 2014, Nature Publishing Group. 

 

Figure 10. MXene-based bioelectronic interfaces. a) From left to right: atomic structure of MXene; 

photograph of delaminated MXene dispersed in water; freestanding MXene film prepared by vacuum 

filtration; cross-sectional SEM image of a MXene film; TEM image of a single-layer MXene flake. 

Reproduced with permission.[192] Copyright 2017, Nature Publishing Group. b) Schematic of in vivo 

neural recordings using MXene electrodes. MXene/Au intracortical arrays electrode were implanted 

into the cortex. c) Schematic and microscopy image of the MXene/Au intracortical electrode array 

(left); diagram comparing the number of unique spikes observed by adjacent Mxene and Au 
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electrodes (right). Reproduced with permission.[198] Copyright 2018, American Chemical Society. d) 

Schematic of Mxene based transistor biosensor for the detection of dopamine (left); SEM image 

showing the multilayer structure of MXene (right). e) Schematic diagram showing the working 

principle of the MXene transistor to record action potentials of neurons. Reproduced with 

permission.[202] Copyright 2016, Wiley-VCH.  

 

Figure 11. Conductive polymer-based bioelectronic interfaces. a) Chemical structure of PEDOT:PSS. 

Reproduced under the terms of Creative Commons Attribution 4.0 International License.[223]  

Copyright 2016, Nature Publishing Group. b) Optical micrograph of the OECT probe conformally 

wrapping around a curvilinear surface and the magnified view of the transistor structure (left). Scale 

bars, 1 mm and 10 μm. Recorded neural spikes from an OECT transistor (pink), a surface electrode 

(blue) and 12 penetrating electrodes (black) (right). Reproduced under the terms of Creative 

Commons Attribution 4.0 International License.[233] Copyright 2013, Nature Publishing Group. c) 

Illustrations of the glucose sensing mechanism and the enzyme-free gel electrode as the gate of 

glucose sensing OECTs. Reproduced with permission.[238] Copyright 2018, Wiley-VCH. d) 

Schematic revealing the ionic liquid facilitated phase separation in PEDOT:PSS. Reproduced under 

the terms of Creative Commons Attribution NonCommercial License 4.0.[242] Copyright 2017, AAAS. 

 

Figure 12. Ionically conductive hydrogel-based bioelectronic interfaces. a) Hydrogel coated 

electrode demonstrating the reduction in the local strain field as indicated in the particle image 

velocimetry. Reproduced under the terms of Creative Commons Attribution 4.0 International 

License.[259] Copyright 2017, Nature Publishing Group. b) Schematic depicting the working 

mechanism of the implanted hydrogel electrode based on the formation of an EDL capacitor across 

the interface of the hydrogel and the metallic electrode. Reproduced with permission.[103] Copyright 

2019, Elsevier. c) Schematic and photograph of the salt/PEG ATPS based interface for in vivo 

electrostimulation of the skeletal muscle of a mice (top). Scale bar, 1 cm; comparison of localized 



73 

 

heating when high current is injected from different electrodes (bottom). Reproduced with 

permission.[105] Copyright 2018, Wiley-VCH. d) Schematic of the hydrogel fiber electrode used for 

simultaneous neural recording and optical stimulation. e) Photographs of the hydrogel fiber electrode 

with the laser switched off and on and photograph of the mouse implanted with the hydrogel fiber 

electrode. Reproduced with permission.[103] Copyright 2019, Elsevier. 

 

Figure 13. Electrically conductive hydrogel-based bioelectronic interfaces. a) Micrographs of the 

flexible micro-electrode coated with PEDOT-CNT nanocomposite and encapsulated with human 

fibrin-based hydrogel. Reproduced with permission.[275] Copyright 2013, American Chemical Society. 

b) Schematic of the fabrication process of the interpenetrating hydrogel network, formed by 

infiltrating a loosely crosslinked PEDOT:PSS network with a polyacrylic acid-based secondary 

polymer scaffold. c) Various geometries, shapes, and designs of the PEDOT:PSS hydrogel (left). 

Scale bars, 1 cm; PEDOT:PSS hydrogel with micropatterned surface (middle). Scale bar, 100 µm; 

the hydrogel can be stretched to 250% without damage (right). Reproduced under the terms of 

Creative Commons Attribution 4.0 International License.[277] Copyright 2018, Nature Publishing 

Group. d) Illustration of stepwise fabrication process of the PEDOT:PSS hydrogel through 

photolithography, dry etching and water exchanging. e) Photograph of a freestanding micropatterned 

PEDOT:PSS hydrogel electrode array and the zoomed-in image. Scale bars, 2 mm and 200 µm. 

Reproduced with permission.[93] Copyright 2019, Nature Publishing Group. 

 

Figure 14. Research trends for future soft bioelectronic interfaces. a) Schematic of the self-healing 

process of a transparent, stretchable and self-healable ionic conductor. Reproduced with 

permission.[280] Copyright 2017, Wiley-VCH. b) Photographs showing a transient electronic module 

disintegrating in DI water. Reproduced with permission.[287] Copyright 2012, AAAS. c) 3D printed 

hydrogel on elastomeric substrate serving as stretchable conductors. Reproduced under the terms of 

Creative Commons Attribution NonCommercial License 4.0.[302] Copyright 2019, AAAS. d) 
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Schematic of the formulated MXene ink suitable for both extrusion printing and inkjet printing. 

Reproduced under the terms of Creative Commons Attribution 4.0 International License.[308] 

Copyright 2019, Nature Publishing Group. e) Exploded-view schematic and photograph of a 

miniaturized flexible NFC antenna. Reproduced with permission.[311] Copyright 2015, Wiley-VCH. 

f) Photograph of a stretchable and transparent antenna base on AgNW electrodes.[316] Copyright 2016, 

American Chemical Society. 
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