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Abstract

Biocompatible electrodes, situated at the intersection of bioelectronics and soft electronics, 

hold the promise of groundbreaking advancements in human-machine interaction and bio-

inspired applications. Their development relies on achieving stable, robust deposition of 

electrically and/or electrochemically active components on biocompatible substrates, ensuring 

operational stability under various mechanical stresses. However, despite notable progress, 

most biocompatible electrodes still struggle to simultaneously achieve high mechanical 

flexibility, electrical conductivity, electrochemical activity, and long-term stability at the same 

time. These challenges present critical barriers to the development of more advanced 

biocompatible devices, particularly in the field of energy storage and conversion. The key lies 

in optimizing the complementary interfacial interactions between active components (i.e., 

electrically and/or electrochemically active components) and biocompatible substrates, and 

between adjacent active components, as well as in the structural design of the electrodes. In 

this perspective, we review recent approaches for preparing textile-based and hydrogel-based 

biocompatible electrodes that can achieve high electrical conductivity without compromising 

favorable properties of biocompatible substrates (i.e., textile and hydrogel) for energy storage 

and conversion devices. In particular, we highlight the critical role of the interfacial interactions 

between electrode components and demonstrate how these interactions significantly enhance 

the energy performance and operational stability.

Key words: biocompatible electrodes; supercapacitor electrode; biofuel cell electrode; soft 

actuator electrode.
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1.  Introduction

Since the dawn of the ubiquitous networking era in the 1990s, electronic devices in 

today’s society have evolved rapidly, overcoming the limitations of traditional bulky and 

immobile electronics. Driven by a growing demand for mobility and seamless integration, these 

devices are undergoing a transformative shift towards portable, wearable, and even implantable 

forms. Simultaneously, considerable research has been dedicated to the development of a 

suitable power supply, including energy storage and conversion, with high energy efficiency, 

mechanical flexibility, and long-term operational stability. These advances are essential for 

adequately powering the functions of these evolving electronic devices. At the core of these 

changes in both form and functionality, the development of soft electrodes has emerged as a 

pivotal factor. 1-13 Therefore, substantial research endeavors have been devoted to realizing this 

vision, yielding the remarkable technical advances and the commercialization of innovative 

products. In particular, soft electrodes based on electrically and/or electrochemically active 

organics or carbon-based components (i.e., carbon nanotubes (CNTs) and graphene) have 

exhibited significant promise, offering cost-effective and highly flexible devices.14-17 However, 

despite immense efforts and technical progress, the performance and operational stability of 

active organics or carbon components pose significant challenges compared to their rigid metal 

counterparts in inorganic materials. Furthermore, ensuring the biological and operational 

stability in the biocompatibility of traditional soft electrodes on the living tissue and/or within 

the living body remains a complex issue, further complicating their development.

Within the diverse realm of soft electrodes, biocompatible electrodes stand out as a 

unique category.18-22 Unlike their potentially harsh counterparts to living biological system, 

especially those based on plastic substrates and conducting polymers, biocompatible electrodes 

are specifically designed to have a safe and efficient interface with the living body. Moreover, 
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it is imperative for these biocompatible electrodes to possess the capability to maintain optimal 

flexibility and electrical/electrochemical activity under various external mechanical stresses, 

such as bending, twisting, compression, and stretching. Due to these favorable properties to 

human body, biocompatible electrodes play a pivotal role in biomedical technology, supporting 

applications such as medical implantable devices, wearable health monitoring devices, 

electrochemical drug delivery systems, and bioactuators. In these contexts, the development of 

biocompatible and flexible electrodes is essential to mitigate the harmful side effects that 

conventional electrodes may cause when in direct contact with skins or soft tissues.

To create these electrodes, a variety of biocompatible polymers, including cellulose-

based paper, silicon-based poly(dimethyl siloxane) (PDMS), poly(vinyl alcohol) (PVA) and 

specialized hydrogels derived from poly(ethylene glycol) (PEG), poly(2-methoxyethyl acrylate) 

(PMEA) 23, poly(tetrahydrofurfuryl acrylate) (PTHF) 24, and poly(acrylic acid) (PAA), have 

been utilized as host materials. The subsequent step involves the uniform and robust deposition 

of biocompatible and electrically and/or electrochemically active components onto these host 

substrates. For example, Yi Cui’s group achieved excellent energy storage performance by 

incorporating CNTs with electrochemically active properties into a biocompatible paper 

substrate by solution processing. 13 In addition, the Cosnier’s group reported that the solution 

deposition of glucose oxidase (GOx) enzymes, capable of converting biochemical energy into 

electricity, on conductive CNT supports resulted in an electrode suitable as an anode for biofuel 

cells (BFCs). 19, 25 Moreover, these advances can have been extended to hydrogel actuators 

capable of converting electricity into mechanical energy through the deposition of solution-

processable conductive components on both sides of hydrogel substrate.

Although some of these energy storage and conversion electrodes have been developed 

using solution processable active components, in many cases, the electrodes for biological 
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devices are typically prepared by the vacuum deposition of a metal layer on biocompatible 

substrates. 26-28 For instance, Stephanie Lacour’s group reported the fabrication of implantable 

compliant electrodes from a vacuum-deposited gold micro-electrode array embedded in PDMS 

microchannels for monitoring the bladder nerve function. 26 However, this vacuum deposition 

process faces significant challenges in uniformly depositing the metal layer on biocompatible 

substrates with varying forms, such as porous or curved structures. This challenge is even more 

pronounced when working with hydrophilic hydrogel substrates, which are highly promising 

candidates due to their ability to seamlessly interface with living organisms. 29, 30 The porous 

structure and wet surface properties of hydrogels make the robust deposition of conductive 

layers difficult. 31-37 Although conductive components can be successfully deposited onto dried 

hydrogel films, these films undergo significant swelling in a water environment and shrink 

when dried. This cycle of swelling and shrinking causes the conductive components to detach 

easily from the hydrogel film.

To address these issues, significant research efforts have been dedicated to developing 

conductive hydrogels, with a key focus on integrating conductive components into hydrophilic 

polymer networks through crosslinking. 38-48 One notable study by Zhao et al. demonstrated the 

creation of highly stretchable and conductive hydrogels by incorporating silver flakes and 

liquid metal into a hydrophilic polymer network (polyvinyl alcohol–borax gel). 48 However, 

the electrical conductivity of these hydrogels (~700 S cm-1) was much lower than that of bulk 

metal, which is essentially required for widespread applications in energy storage and 

conversion electrodes. Therefore, to more effectively utilize hydrogels for various 

biocompatible energy electrodes, urgent attention needs to be paid to fully unlock their 

potential.

In this perspective, we offer a comprehensive review of recent advances and innovative 
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interfacial design strategies in the field of biocompatible energy electrodes, primarily focusing 

on energy conversion (with a focus on BFCs and soft actuators) electrodes, as depicted in 

Figure 1. Our main objective is to scrutinize noteworthy challenges in the field of 

biocompatible energy electrodes and to explore potential strategies to overcome critical hurdles 

in achieving high-performance energy electrodes. In particular, our attention is directed toward 

the hydrogel current collector-based energy electrodes, a relatively unexplored avenue in 

current research. This article begins with an introduction to various approaches for fabricating 

biocompatible electrical conductors, highlighting the preparative methods. We then review 

recent breakthroughs in biocompatible energy storage and conversion electrodes using various 

interfacial interaction-driven assembly techniques. Emphasis is placed on how careful control 

of the interfacial interactions between biocompatible substrate and conductive materials can 

significantly improve the energy performance and operational stability of the electrodes. In 

addition, we show that these controls are instrumental in improving the overall energy 

performance of the devices. In summary, we provide a brief outlook on the prospective path of 

interfacial engineering, envisioning the realization of high-performance energy electrodes in 

the near future.

2. Biocompatible electrodes

2.1.  Requirements of composing materials

Biocompatible electrodes, which are essential components for various bio-related 

applications requiring contact with or implantation in the human body, have been extensive 

studied by introducing diverse materials for the substrates and conductive components. 

However, achieving a high degree of performance and operational stability of the electrodes 
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without adverse effects on the body remains a critical challenge. Therefore, careful selection 

and structural design of both substrate and conductive materials are crucial for the successful 

development of biocompatible electrodes. 18, 20-22, 49

To guarantee safe and effective operation when interfaced with biological tissues, 

biocompatible electrodes should meet several material requirements, including 

biocompatibility, electrical properties, mechanical properties, and chemical stability. In 

particular, biocompatibility is the primary requirement, referring to a material's ability to 

maintain its structure and function when interacting with biological cells or tissues, without 

causing foreign body responses or undesirable effects. 50-53 This means that biocompatible 

materials must not release harmful substances or provoke immune responses that could lead to 

inflammation, rejection, or fibrosis, ultimately minimizing toxicity, immune response, and 

carcinogenicity to tissues. Specifically, minimal cell death is critical when designing electrodes 

for biomedical devices to ensure long-term, reliable operation under robust physiological 

conditions. Recent studies have suggested a series of methods to evaluate biocompatibility of 

materials, including in vitro tests, in vivo tests, degradation tests, aging tests, following 

guidelines from the International Organization of Standardization (e.g., ISO 10993) and the 

Food and Drug Administration. The biocompatibility of materials can be assessed using a 

combination of these methods. Various natural (e.g., cellulose, silk, gelatin, collagen, ions) and 

synthetic (e.g., PDMS, PI, PVA, PAA, Au, Ti) materials have been suggested to compose 

substrate and conductive parts of biocompatible electrodes.

In addition to biocompatibility, electrical properties such as electrical conductivity and 

electrochemical activity are crucial when designing biocompatible electrodes, especially for 

various energy storage and conversion applications. The electrical conductivity of electrodes 

directly affects the performance and effectiveness of energy conversion and storage devices. 
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High electrical conductivity (e.g., conductivity of bulk metals > 105 S cm−1) enables efficient 

electrical energy transfer and conversion, minimizes energy loss, and enhances operational 

stability. Electrochemical activity is another critical property that determines the effectiveness 

and functionality of biocompatible electrodes for energy conversion devices. Particularly, areal 

performance parameters, such as areal capacitance (capacitance per unit area, F cm−2), power, 

and energy densities, have been considered as important factors to reflect the practical 

utilization of electrodes within the body. 

Mechanical properties of the materials also play an important role in determining the 

performance and functionality of the biocompatible electrodes. 54-56 Particularly, flexibility and 

stretchability of the electrodes enable the electrodes to conform to the dynamic and irregular 

surfaces of biological tissues without sacrificing the performance. This conformability also 

minimizes mechanical mismatch and enhances patient comfort, especially in long-term 

wearable and implantable devices. In addition, softness and compliance of the materials reduce 

tissue damage and irritation, promoting better integration with the biological systems. 

Mechanical durability under physiological conditions is essential for the long-term operation 

stability of the electrodes under various mechanical stresses.

Chemical stability is another critical requirement to prevent the corrosion and 

degradation of the materials in the physiological environment. 21, 22, 57, 58 Corrosion-resistant 

materials, such as noble metals (e.g., Pt, Au, Ir) have been utilized to ensure the long-term 

functionality without compromising safety. Hydrolytic stability is also vital, as hydrolytic 

reactions in the presence of bodily fluids can lead to device failure and potential health risks. 

Additionally, surface properties, including smoothness and appropriate levels of hydrophilicity 

or hydrophobicity, influence the interaction between the electrode and the tissue, affecting both 

performance and biocompatibility.
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Achieving all the critical material requirements for biocompatible electrodes remains 

a notable challenge. However, promising advancements have been made through the 

introduction of unique structures and materials, such as textile-based and hydrogel-based 

electrodes. Textile-based electrodes, composed of numerous fibrils and/or fibers forming a 

highly entangled three-dimensional (3D) porous structure, offer exceptional physical properties. 

These include a substantially high surface area, mechanical flexibility, and lightness, which 

cannot be achieved by conventional flat-structured electrodes. The high specific surface area-

to-volume ratio is particularly crucial for the functioning of energy device in limited areas 

and/or volumes. 

In terms of materials, hydrogel-based electrodes exhibit novel functionalities due to 

their distinctive properties. Specifically, the diverse chemical structures of the polymers in 

hydrogels offer a wide range of tunable properties. By tailoring parameters like monomer and 

crosslink types, composition, and concentration, hydrogels can achieve remarkable chemical 

diversity. This translates to unique properties such as stretchability, tissue-like softness, 

transparency, adhesiveness, self-healing, and stimuli-responsiveness, which cannot be easily 

realized by other types of soft materials. Therefore, future research should focus on 

transforming these materials with unique properties into biocompatible electrodes that satisfy 

abovementioned critical requirements.

2.2.  Fabrication method of biocompatible electrodes

Various biocompatible polymers, including cellulose-based paper, silicon-based 

PDMS, PVA and specialized hydrogels derived from PEG, PMEA, PTHF, and PAA, have been 

developed for use as host materials for biocompatible electrodes. The next step involves the 
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uniform and robust deposition of biocompatible, electrically and/or electrochemically active 

components onto these host substrates. 

Various deposition methods have also been proposed for the fabrication of 

biocompatible electrodes. Conductive materials, such as metals or graphene, can be deposited 

onto the substrates using either physical or chemical vapor deposition processes, which 

inevitably require high vacuum conditions. Alternatively, conductive materials can be 

processed into slurries and applied onto substrates using solution-based methods, including dip 

coating, spin coating, spray coating, or inkjet printing (Figure 2). These methods successfully 

integrate a variety of biocompatible components, including multifunctional sensors, an active-

passive circuit, a light emitting diode, wireless power transmitter coils, high-frequency 

inductors, capacitors, and antennas into various wearable or implantable biomedical devices. 

26, 27, 59-62 However, while these approaches work well on flat, dried surfaces of host materials, 

they face significant challenges when applied to textile-based and hydrogel-based electrodes. 

Specifically, these conventional methods struggle to uniformly and robustly deposit electrode 

layers on biocompatible substrates with diverse forms, such as porous or curved structures (for 

textile substrates) and wetted surfaces (for hydrogel substrates). Therefore, achieving robust 

deposition of electrically active components on biocompatible substrates, regardless of their 

size or shape, is essential for ensuring the high electrical and/or electrochemical performance 

of the resulting electrodes.

A recently reported approach to converting insulating textiles into metallized textiles 

involves metal electroplating using an external current flow. In this process, the uniform 

application of the external current to the substrate during metal electroplating is crucial for 

forming a high-quality conducting or functional layer. However, for metal electroplating on 

non-conductive flexible substrates including natural textiles, a conductive seed layer with 
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sufficient electrical conductivity must first be coated onto the insulating textiles. This can be 

achieved through various deposition methods, such as autocatalytic metal deposition, metal 

sputtering, and a layer-by-layer (LbL) assembly of conductive components. 63-68 Once the 

conductive seed layer is coated onto the insulating textile substrates, precise control of the 

externally applied electric field during metal electroplating can facilitate the formation of a 

highly uniform metallized layer on the textile surface. 

Numerous research efforts have also been directed towards creating the conductive 

hydrogel electrodes by depositing electrode layers onto hydrogel film surfaces through 

methods such as printing, transfer, cluster beam implantation, and chemical reduction. 69-75 

Although hydrogel is one among the most promising host materials for biocompatible 

electrodes, their wet surface properties pose significant challenges for the robust deposition of 

conductive components. Achieving high electrical conductivities without compromising the 

unique properties of hydrogels has been difficult. In particular, hydrogel-based electrodes often 

suffer from delamination of the electrode layer under mechanical deformation and 

compromised mechanical properties due to poor interfacial interactions between the conductive 

components and the hydrogels. To address these issues, significant research efforts have been 

dedicated to developing conductive hydrogels by incorporating conductive components (e.g., 

mobile ions, conductive polymers, or conductive particles) within hydrogel matrix. 38-48 

However, these conductive hydrogels (i.e., ionically conductive hydrogels, conductive 

polymer-based hydrogels, and nanocomposite hydrogels) often face a trade-off between 

electrical conductivity and mechanical properties. This trade-off arises from the undesirable 

effects of higher concentrations of conductive components in the hydrogel matrix. 

Consequently, the reported hydrogels are not suitable for fabricating host electrodes (or current 
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collectors) with bulk metal-like electrical conductivity, which is essential for widespread 

applications in energy storage and conversion electrodes. 

The successful development of next-generation biocompatible electrodes must 

effectively unravel the diverse and complex correlations between all electrode constituents and 

host materials. Particularly, establishing appropriate interfacial interactions between electrode 

materials and host materials during electrode deposition is highly desirable. The fine control 

of these interfacial interactions can substantially enhance the performance and stability of 

biocompatible electrodes. Among various methods, a LbL assembly method, which leverages 

complementary interactions between different materials, provides versatile approaches for 

depositing a variety of nanocomposites composed of organic and inorganic materials. 76-86

Recently, a ligand replacement reaction-based LbL (LRR-LbL) assembly method was 

reported. 9, 87-91 This method allows the direct assembly of hydrophobic metal (or metal oxide) 

nanoparticles (NPs) with hydrophilic small-molecule linkers through covalent bonding 

interactions. The use of small-molecule linkers with smaller molecular weights enables both 

the high NP-packing density and the reduced contact resistance in the assembled layers (Figure 

3a). Ko et al. demonstrated textile electrodes with metal-like conductivities by uniformly and 

robustly coating the entire textile structures with electrode layers via a small molecule linker 

(tris-(2-aminoethyl)amine, TREN)-assisted LRR–LbL assembly of hydrophobic Au NPs 

(stabilized by tetraoctylammonium bromide, TOABr) (Figure 3b). 87 In addition, applying this 

approach to hydrogel substrates induces continuous LRR assembly of Au NPs in the lateral 

and vertical dimensions on the hydrogel surface. This process results in highly conductive, 

mechanically compliant, and robust metallic layers on the hydrogel surfaces (Figure 4). 90, 91 

An additional deswelling process can generate wrinkled electrode structures, which 

significantly enhance the electrical and mechanical properties of biocompatible electrodes.
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2.3.  Electrical and mechanical properties of biocompatible electrodes

Biocompatible electrodes exhibit severely different electrical and mechanical 

properties depending on the host materials, structures, and fabrication methods, which 

ultimately determine their device performance and functionalities as summarized in Table 1. 

It is crucial to impart electrical properties to biocompatible substrates without compromising 

their intrinsic mechanical advantages, such as porosity, flexibility, stretchability, or self-

healing capabilities. For textile-based electrodes, conductive materials like carbon nanotubes, 

graphene, metal nanoparticles, and/or conducting polymers can be incorporated using various 

methods. For instance, slurries or inks containing conductive filers and polymeric binders can 

be applied to 3D-structured textile substrates through dip coating, spray coating or inkjet 

printing. While these solution-based processes are simple and suitable for large-area systems, 

achieving uniform deposition on the highly porous structure is challenging, as inner to outer 

surface coating is difficult to control. Additionally, polymer-based additives may act as internal 

contact resistances due to their insulating properties. Beyond physical adsorption methods, 

conductive or electrochemically active materials can be directly grown onto the surface via the 

chemical reduction of metal precursors. However, the rapid reduction reaction makes it 

difficult to control the thickness at the nanometer scale, and impurities such as reducing agents 

or catalysts hinder the achievement of high electrical conductivity. Furthermore, such methods 

which do not consider the interfacial interactions between textile surfaces and conductive 

materials can lead to desorption or failure of the deposited layer under mechanical deformation. 

For hydrogel-based electrodes, incorporation of mobile ions or embedding conductive 

materials within hydrogel matrix have shown a limited degree of electrical conductivity, which 

result in poor electric signal-to-noise ratio inside human body. Although attempts to form 
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electrode layers on hydrogel surfaces based on conventional approaches such as printing, hot 

pressing, and chemical reduction can enhance electrical properties of hydrogel electrodes, stiff 

mechanical properties as well as delamination of thick electrode layers under mechanical 

deformations can have detrimental effects on biological tissues when interfaced with the human 

body.

Recently, it was reported that LRR-LbL assembly method enabled conformal and 

robust deposition of electrically and electrochemically active components on various types of 

textiles, resulting in substantial electrical conductivities under high mechanical deformations 

(2.1 × 105 S cm−1 maintaining 96% of the initial value after 10,000 bending cycles), 87 which is 

highly beneficial for energy storage and conversion devices. Additionally, hydrogel-based 

electrodes prepared by continuous LRR-LbL assembly method achieved exceptional electrical 

conductivity under diverse mechanical stresses (~ 3,600 S cm-1 at fully bent state), 90 

demonstrating several magnitudes higher electrical conductivities compared to previously 

reported hydrogel electrodes. Moreover, it should also be noted that the formation of wrinkled 

electrodes structures in these hydrogel-based electrodes can further enhance their mechanical 

and electrical properties (1.2 × 104 and 3.5 × 104 S cm−1 at 110% stretched state and fully bent 

state). 91

3. Applications to Energy Electrodes

3.1. Biocompatible supercapacitors

Miniaturized bioelectronic devices, such as biosensors and continuous glucose 

monitoring systems, inevitably rely heavily on consistent and biologically stable power sources 

for uninterrupted functionality. While lithium-ion batteries are renowned for their high energy 

density, they suffer from relatively low power density and contain toxic materials such as heavy 
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metal-based cathodes, organic liquid electrolytes, and metal (Cu and Al) current collectors. 92-

94 Additionally, their bulky size and rigid structure make them unsuitable for skin-adherent 

biosensing devices and for implantation in soft organs or tissues. 

Specifically, the requirements for biocompatible energy storage devices include 

several key criteria: (1) All components, ranging from active materials to electrolytes and 

current collectors, must be made of biocompatible materials. (2) These devices must provide 

energy and power outputs that can meet the needs of various bioelectronic applications while 

ensuring sustained and reliable performance under physiological conditions. Considering the 

challenges associated with replacing worn-out devices that can place significant stress on the 

body, the ability to maintain a stable electrical supply over extended periods of time is critical. 

(3) To accommodate the dynamic movements of biological tissues and organs, it is highly 

desirable for these energy storage devices to be mechanically flexible and stretchable to some 

degree. As a result, numerous research efforts have been dedicated to developing 

biocompatible energy storage devices that can meet these stringent requirements.

In this context, supercapacitors have garnered attention as biocompatible energy 

storage devices owing to their high power density and long-term stability. These 

supercapacitors are generally classified into two types based on their charge-storage 

mechanisms: (1) electric double-layer capacitors (EDLCs) with carbon electrodes and (2) rapid 

redox reactions at the surface of high-capacitance active components. 95, 96 Their ability to be 

rapidly charged and discharged, driven by reactions at the electrode/electrolyte interfaces, 

renders them advantageous for integration with other energy harvesting devices. This 

integration facilitates efficient storage and utilization of excess energy generated by human 

tissues. Moreover, supercapacitors typically employ aqueous solutions containing charged ions 

as electrolytes, and in some cases, human fluid, making them compatible with the human body. 
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15, 97 Despite their fast redox mechanisms, they still suffer from relatively low energy densities, 

which need to be improved for more extensive applications.

Recently, there has been a growing emphasis on areal performance parameters, such as 

areal capacitance (capacitance per unit area, F cm−2), power and energy densities, as key 

metrics for evaluating practical and flexible supercapacitors. Therefore, a central challenge in 

this field is the development of supercapacitors with higher power and energy densities per unit 

area than existing models. To address this challenge, researchers have explored various 3D 

porous fibers such as cotton, silk, or yarn as substrates for current collectors in biocompatible 

energy electrodes. 67, 98-110 These fibers offer flexibility, lightness, and environmental 

friendliness, along with porous structures and large surface areas that provide abundant sites 

for active material adsorption, enabling high mass loading and areal energy/power density. 

However, their intrinsic insulating properties require the introduction of electrical conductivity 

through coating with carbon materials, conductive polymers, or metals. In this case, it is crucial 

to ensure that the coated conductive layers do not block up the porous structure of the fibers or 

delaminate during mechanical deformation. For example, Park et al. fabricated a current 

collector by dip coating a stretchable fabric substrate into poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS) and poly(ethylene glycol)-block-poly(propylene glycol)-

block-poly(ethylene glycol) (PEG-b-PPG-b-PEG) solution, followed by spray-coating the 

composites composed of multi-walled carbon nanotube (MWCNT) and pseudocapacitive 

nanowires as active materials (Figure 5a). 104 The resulting symmetric supercapacitors 

exhibited specific and areal capacitances of 48.8 F g−1 and 33.8 mF cm−2, respectively (Figure 

5b). In addition, they could maintain their electrochemical properties under various 

deformations such as folding, twisting, and stretching (Figure 5c-e). However, the relatively 

low electrical conductivities of conducting polymer- or MWCNT-based current collectors (102 
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~ 103 ) compared to that of bulk metal-based current collectors increased the total resistance 

within the electrodes. To further enhance electrical conductivity, conductive metal layers can 

be applied onto fiber-based substrates using approaches such as electroplating, electroless 

plating, or polymer-assisted metal deposition. 98, 99, 101, 102 For instance, Chang et al. developed 

a highly conductive textile by assembling copper sulfide (CuS) NPs with cysteamine (Cys) 

linkers followed by electroplating with Ni (Figure 5f). Additionally, they electroplated a NiCo 

layer with a layered double hydroxide structure onto the textile to create highly conductive and 

pseudocapacitive textile electrodes. 67 The Ni-electroplated textile demonstrated metal-like 

electrical conductivity (~0.06 Ω sq−1) and retained 92.5% of its initial state even after 5,000 

bending cycles, attributed to strong interfacial interactions between the textile substrates and 

conductive components (Figure 5g-i). After depositing an electrochemically active NiCo layer 

onto the Ni textile current collector, the resulting NiCo textile electrodes exhibited a notably 

high areal capacitance of 12.2 F cm−2, along with low equivalent series resistance (Figure 5j). 

However, it is important to note that Ni and NiCo layers should be used in in vitro systems 

rather than in vivo systems due to their tendency to corrode within the living body.

In addition to natural fiber-based substrates, hydrogels are considered as one of the most 

promising biocompatible substrates for biocompatible energy devices due to their remarkable 

advantages, including high biocompatibility, high flexibility, stretchability, and self-healing 

ability. 111-123 These properties enable hydrogels to withstand the repeated expansion and 

contraction experienced by various organs. In addition, hydrogels, acting as efficient reservoirs 

for electrons and ions, can serve as both electrodes and electrolytes, facilitating the fabrication 

of all-in-one hydrogel-based supercapacitor. 

  To prepare these hydrogel-based supercapacitor electrodes, conducting polymers 

such as polypyrrole (PPy), polyaniline (PANI), and poly(3,4-ethylenedioxythiophene) : 
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poly(styrenesulfonate) (PEDOT:PSS) are typically embedded into the hydrogel matrix. 109, 111, 

113, 120 For example, Zhou et al. fabricated a PANI-hydrogel with interwoven PANI nanofibers, 

using V2O5·nH2O nanowires as sacrificial 3D templates (Figure 6a, b). 114 Through oxidative 

polymerization of aniline on V2O5·nH2O nanowires, they constructed an ultrathin PANI 

nanofiber network, subsequently converted into a pure PANI-hydrogel by removing the 

templates. The resulting electrode, characterized by its highly porous nature and relatively high 

electrical conductivity of 0.12 S cm−1, exhibited a high specific capacitance of 636 F g−1 (1,540 

mF cm−2) and capacitance retention of 83.3% after 10,000 charge/discharge cycles (Figure 6c, 

d). 

Another approach to providing electrical conductivity is to incorporate metal-based 

nanomaterials into the hydrogel matrix. 113, 117, 118 As shown in Figure 6e, open-porous 

conductive polymer foam was fabricated using a mixture solution containing silver nanowires 

(Ag NWs), pyrrole monomers, and oxidants. 117 Ag NWs provided not only a highly conductive 

pathway with an electrical conductivity of ~3.50 S m−1 but also a scaffold for the growth of 

polypyrrole serving as an active material. Then PVA hydrogel was infiltrated to PPy@Ag NWs 

foam, followed by freezing and salting out processes. The toughness, flexibility, and 

stretchability were highly improved by PVA polymer chain coating, while maintaining the 

open-porous microstructure for fast charge diffusion (Figure 6f). The all-solid-state 

supercapacitor fabricated by sandwiching two hydrogel electrodes and one PVA hydrogel 

separator exhibited high areal capacitance of 5.25 F cm−2 (35.0 F g−1) at 1.0 mA cm−2 and 

maintained 95.8% of its initial capacitance after 3,500 GCD cycles under 20 mA cm−2 (Figure 

6g). Additionally, benefited from the excellent mechanical properties, the device capacitance 

showed no reduction up to 50% strain and 76% reduction at 125% strain, which was recovered 

upon releasing the strain (Figure 6h).
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Despite extensive efforts to develop supercapacitors using biocompatible substrates, a 

recurring problem arises; electrically and electrochemically active components deposited on 

natural fibers and hydrogels may cause allergic reactions when in contact with human skin. 

This concern becomes even more pronounced when such supercapacitors are used in the in 

vivo systems, requiring careful encapsulation of the electrode components to ensure the 

realization of biologically stable energy storage devices. Therefore, there is an urgent need to 

apply more stable biocompatible electrode components to these substrates, resulting in energy 

electrodes with improved stability in both in vivo and in vitro systems.

3.2. Biofuel cells as energy conversion devices

BFCs stand out among diverse energy source devices by utilizing biocatalytic enzymes 

to convert chemical energy into electrical energy, making them both portable and 

biocompatible. 19, 124-131 Furthermore, their potential as implantable energy sources within the 

human body gives BFCs a significant advantage over alternative power devices. As a result, 

all components of BFC electrodes are bio-friendly, ensuring no long-term adverse reactions to 

living organisms, while maintaining high power output and long-term operational stability. 

Despite these beneficial properties of BFCs, electrically insulating enzymes present a challenge 

by impeding electron transfer between enzymes and the host electrode (current collector), as 

well as between adjacent enzymes, thereby limiting the overall energy performance of BFCs. 

132, 133 Moreover, balancing the stringent biological requirements for implantable devices with 

improved BFC energy output poses a complex and difficult task. However, recent 

advancements based on interfacial interaction in biocompatible BFC electrodes offer promising 

solutions for various miniaturized bioelectronics, including in vivo and in vitro systems.

In this section, we begin by explaining the electrochemical concept of BFC, and then 
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discuss the recent advancements in BFC electrode design, with a specific focus on the 

integration of biocompatible components. Additionally, we explore how optimizing the 

interfacial interactions between enzymes and host electrodes, as well as among adjacent 

enzymes, can effectively enhance both the power output and operational stability of BFCs.

3.2.1. Electrochemical concept of BFCs

Generally, the BFCs are consist of an anode coated with enzymes, primarily GOx, and a 

cathode coated with oxygen reduction reaction (ORR) catalysts, such as bilirubin oxidase 

(BOD), laccase, or biocompatible metal catalysts (Au NPs or Pt NPs). These components 

initiate electrochemical reactions in an aqueous electrolyte solution containing glucose fuel:

𝑨𝒏𝒐𝒅𝒆:                                   𝑔𝑙𝑢𝑐𝑜𝑠𝑒→ 𝑔𝑙𝑢𝑐𝑜𝑛𝑜𝑙𝑎𝑐𝑡𝑜𝑛𝑒 + 2𝐻+ +2𝑒―            (1)

𝑪𝒂𝒕𝒉𝒐𝒅𝒆:                                           𝑂2 + 4𝐻+ +4𝑒―→2𝐻2𝑂                      (2)

𝑭𝒖𝒍𝒍 𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒅𝒆 𝒔𝒚𝒔𝒕𝒆𝒎:           2𝑔𝑙𝑢𝑐𝑜𝑠𝑒 + 𝑂2→ 2𝑔𝑙𝑢𝑐𝑜𝑛𝑜𝑙𝑎𝑐𝑡𝑜𝑛𝑒 + 2𝐻2𝑂      (3)

As already mentioned above, effective electron transfer between enzymes and electrode 

significantly affects the BFC performance. Therefore, various strategies have been proposed 

for fabricating the high-performance BFC electrodes that facilitate electron transfer. These 

strategies mainly aim to improve electrical and electrochemical performance by (1) using 

carbon material-based host electrode with relatively high electrical conductivity (100  600 S 

cm-1) and large surface area, (2) using redox mediators between enzyme and host electrode, 

and/or (3) incorporating electrocatalytic metal nanoparticles into enzymes. 

In most cases, the significantly high power outputs of more than 1 mW cm−2 have been 

achieved by redox-mediated electron transfer-based BFCs (MET-BFCs). In contrast, 
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conventional direct electron transfer-based BFCs (DET-BFCs) using carbon material-based 

supports without redox mediators typically exhibit low power output, often only a few to 

several hundred μW cm−2. Despite this low energy performance of DET-BFCs, recent research 

trends have focused on developing the high-performance DET-BFCs to address critical issues 

of MET-BFCs, such as instability, toxicity, and complex synthesis of redox mediators. 

Specifically, to improve the performance of DET-BFCs, electrochemically inactive and 

insulating organic compounds within the electrodes should be minimized. Additionally, the 

biocompatible electrodes should possess higher electrical conductivity and larger active surface 

areas compared to conventional carbon-based electrodes to enhance the efficiency of electron 

transfer between the enzymes and the host electrode.

3.2.2. Biocompatible BFC electrodes

The BFC electrodes, which consist of a host electrode, active materials (enzymes or 

inorganic catalysts), conductive components, and/or redox mediators, play an important role in 

determining the energy performance and operational/biological stability of DET- and/or MET-

BFCs. To construct a high-performance BFC, the electrode materials should be highly 

conductive, easily modified, nontoxic, and chemically and mechanically stable. In line with 

these requirements, many research efforts have preferentially concentrated on the development 

of a biocompatible 3D-structured host electrode with large surface area and high electrical 

conductivity. As an early example for such host electrodes, Chen et al. reported the use of 

carbon fiber-based host electrode with a few m-diameter. 129 By modifying GOx/electron-

conducting redox polymer (for anode) and laccase (for cathode) on host electrodes, the 

resulting carbon fiber-based MET-BFC could be operated in buffer solutions with power 

density of approximately 137 W cm-2 at 37 oC. Mano’s group demonstrated that porous CNTs 
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could be used as host electrodes for the preparation of GOx-deposited anodes and bilirubin 

oxidase (BOD)-deposited cathodes. 130 They also reported that the maximum areal power 

density (~0.7 mW cm−2) of CNT-based BFCs outperformed that of carbon fiber-based BFCs 

due to the easier ion transfer by the highly porous structure of the CNT host electrode. 

Furthermore, Kim and coworkers reported that the MET-BFC using biscrolled CNT yarns 

could provide an open-circuit voltage of 0.70 V and a maximum areal power density of 2.18 

mW cm-2. 131 

However, despite notable benefits of the carbon fiber or CNT-based host electrodes 

for the BFCs, their low operational stability, which is due to only physical adsorption between 

enzymes and host electrode without complementary interfacial interaction, is still controversial. 

In addition, it should be noted that the electrical conductivity of CNT-based host electrode is 

much lower than that of the host electrode with bulk metal-like electrical conductivity, which 

can significantly affect the electron transfer between enzymes and host electrode, and 

furthermore, the resulting power performance of the BFC electrodes. 

We have recently developed more advanced 3D-structured host electrodes, specifically 

natural cotton textile- and carbon fiber-based host electrodes with robust interfacial interactions 

and improved electrical conductivity. 88, 132-134 These electrodes have been successfully utilized 

in DET-BFCs (Figure 7). In fabricating the conductive host electrodes from the insulating 

cotton fibers composed of hydroxyl group (OH)-functionalized cellulose, we initially 

converted the OH-functionalized cotton surfaces into the outermost NH2-cotton surfaces 

through a hydrogen-bonding LbL assembly between NH2-functionalized poly(ethylene imine) 

(PEI) and cotton fibers. It is worth noting that LbL assembly methods offer effective means to 

fabricate various functional nanocomposite multilayer films with controlled thicknesses, 

functionalities, and compositions on substrates of different sizes and shapes, utilizing 

complementary interactions such as electrostatic, hydrogen-bonding, and/or covalent-bonding 
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interactions between adjacent components. 

Following this interfacial LbL-assembly-induced surface modification, the NH2-

functionalized cotton fibers were subsequently immersed in TOABr-Au NPs dispersed in 

toluene. As mentioned earlier, the bulky TOA ligands, which were weakly bound to the surface 

of Au NPs, were almost completely displaced by the outermost NH2 groups of the cotton fibers 

due to the high affinity (i.e., covalent-bonding interaction) between the Au NP surface and NH2 

groups (Figure 7). Using this LRR-LbL assembly approach, NH2-functionalized molecular 

linkers (TREN) in alcohol were sequentially assembled with TOABr-Au NPs in toluene, 

resulting in the formation of highly conductive cotton fibers serving as host electrodes. In 

particular, the Au NP multilayers, which were fabricated by small organic linker-based LRR-

LbL assembly, could exhibit extremely high electrical conductivity due to the minimized 

separation distance between adjacent Au NPs (Figure 7). The electrical conductivities of the 

formed fibers were estimated to be approximately 3,500 S cm-1. Furthermore, the outer surfaces 

of numerous cellulose fibrils within the fiber host electrode were uniformly coated with Au NP 

multilayers, suggesting that the conductive cotton electrode could act an as enzyme reservoir 

as well as a simple host electrode. It should also be noted that the residual toluene solvents 

were completely removed from the host electrode by a thorough drying process.

Based on this highly conductive host electrode, GOx enzymes containing significant 

amounts of amino acid groups in pH 7.4 PBS aqueous solution could be further assembled with 

TOABr-Au NPs in toluene (via LRR-LbL assembly between TOA ligands of Au NPs and 

neutral NH2 group of GOx) or TREN molecular linkers in the same PBS solution (through 

electrostatic interaction LbL-assembly between anionic carboxylate ion (COO-) group of GOx 

and cationic amine (NH3
+) group of TREN) on the fiber host electrode. The resulting enzymatic 

fiber anode exhibited significantly high anodic performance, and no residual organic solvent 
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was detected from the anode due to sufficient washing and drying processes. Notably, when 

these anodes were paired with cotton fiber-based cathodes (either Au NP multilayer-coated 

host electrode or Pt-sputtered host electrode), the complete DET-BFC devices exhibited 

exceptionally high power output (> 3 mW cm−2 in 300 mmol L−1 glucose concentration under 

ambient conditions) and high operational stability (~62 % of initial power output in 10 mmol 

L−1 glucose buffer after 35 days) (Figure 7). These results underscore the critical role of 

interfacial and structural design in enhancing the power output and operational stability of BFC 

devices.

3.3. Biocompatible soft actuators

There have been significant research efforts to develop soft counterparts to 

conventional electromagnetic motors/actuators, with the goal of efficiently converting 

electrical energy into mechanical energy for a wide range human-interfaced robotic 

application. 1, 2, 4, 75, 135-137 Although various mechanisms, including electrostatic, 

electrothermal, and electrochemical, have been proposed for the development of 

electroactive soft actuator, their progress has been stagnant due to the intrinsic limitations 

of the materials and their corresponding working mechanisms. Specifically, challenges such 

as heat management in electrothermal actuators, high operation voltages required for 

electrostatic actuators, and poor performances of electrochemical actuators present 

substantial huddles for their integration into human-friendly robotic applications, which 

require both material and operational compatibility. Development of a novel class of 

electroactive soft actuator with biocompatible properties, mild operation conditions (operation 

voltages < 3 V, inhibited electrochemical reactions, operation time > 1 h), and high 

performance (strain > 20%, power density > 50 kW m-3) is essential for advancing the next-

generation soft robotics.
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The development of hydrogel electrodes with unique features such as electrical 

conductivity, softness, water/ion inclusion, stimuli-responsiveness, and biocompatibility 

enabled the creation of new class of soft actuators that cannot be realized by other types of 

soft actuators. This section introduces and discusses the existing hydrogel actuators based 

on different mechanisms, including electrostatic, electrochemical, electroosmotic, and 

electrochemical-osmotic mechanisms, highlighting their features and limitations.

3.3.1. Electrostatic hydrogel actuator

Electrostatic interaction, characterized by a strong attractive force between opposite 

charges, have been widely adopted to actuate soft materials (Figure 8a). 38, 138-142 Keplinger 

et al., discovered that applying a high voltage (> 2,000 kV) to ionic hydrogels can generate 

substantial Maxwell stress, efficiently converting electrical energy into mechanical energy. 

38 The proposed hydrogel actuators consist of two ionically conductive hydrogels separated 

by elastomers with dielectric property. When an alternating current (AC) voltage of several 

kVs is applied to two ionic hydrogels, ions with opposite charges accumulate at each 

hydrogel-elastomer interfaces, generating Maxwell stress. This accumulation of charges 

causes the elastomer to expand significantly, depending on the degree of applied potential. 

Additionally, given the superior softness of hydrogels compared to elastomers, the 

mechanical deformation of elastomer dominates the overall mechanical work of the 

actuators. It should be here noted that the transparency of hydrogels enables the creation of 

transparent artificial muscles, such as transparent loudspeakers. Based on the superior 

performance of the electrostatic hydrogel actuator, Li et al. demonstrated a robotic system 

capable of moving in water at a speed of 0.69 times its body length per second by integrating 

hydrogel actuators with a commercial battery and electronic circuits. 138

Page 25 of 58 Energy Advances

E
ne

rg
y

A
dv

an
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
au

gu
st

 2
02

4.
 D

ow
nl

oa
de

d 
on

 0
9.

08
.2

02
4 

08
.2

0.
43

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4YA00387J

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00387j


26

Extending the capabilities of energy conversion through electrostatic interaction, a 

fiber-shaped ionic device was developed that combines sensing and actuation in a single 

device. 141 This device consists of fiber-shaped elastomers coated with an organogel, 

specifically polyacrylamide network dispersed in ethylene glycol with lithium chloride. 

When an AC voltage of 1,500 V is applied to two closely positioned fiber-shaped ionic 

device, electrostatic interactions generate vibrations in the ionic fibers. Notably, the ionic 

device also achieves additional functionalities such as adhesion and sensing by adjusting the 

electric signal, demonstrating multiple energy conversion capabilities within a single device.

Despite their promising capabilities, they face limitations due to their high operating 

voltages, electric breakdown, and complicated fabrication process. Hydraulically amplified 

self-healing electrostatic (HASEL) artificial muscles, which utilize hydraulic pressure 

induced by local electrostatic forces in liquid-state dielectric materials, have been developed to 

address some of these issues. 136, 139, 140 Additionally, new electrostatic artificial muscles 

constructed with ionically conductive hydrogel electrodes exhibit outstanding and reliable 

actuation performance, resulting in transparent, high-speed, and large-strain soft actuators. 

Despite the promising achievement, electrostatic hydrogel actuators still face significant 

challenges such as high operating voltages (~kV) and risk of leakage or damage of dielectric 

materials, which are detrimental when interfaced with biological tissues. Addressing these 

issues is crucial for future biomedical applications.

3.3.2. Electrochemical hydrogel actuator

Integrating electrochemically active electrodes onto the surface of hydrogels is a 

notable approach to creating soft actuators that operate at low voltage via electromechano-
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transduction mechanisms using electrochemical reactions (Figure 8b). 69-75, 143, 144 These 

actuators are operated by volume changes in the electrodes driven by ⅰ) electrochemical 

reactions (e.g., electric double-layer capacitive, pseudocapacitive reactions, and ion 

intercalation) and/or ⅱ) electrostatic repulsion between positive and negative ions of different 

sizes drawn close to the electrodes. As a result, these electrochemical actuators exhibit features 

such as low-voltage operation and rapid responsiveness, whose performance depends on the 

amount of energy within the electrode. Therefore, various types of electrochemically active 

components are incorporated into hydrogels and ionic gels.

Thin metal layer-coated hydrogel has been widely utilized in developing 

electrochemical hydrogel actuators. Ionic polymer-metal composites, featuring m-thick Pt 

layers prepared by electrodeposition on ionic polymer films such as Nafion or PVDF, have 

demonstrated bending motions with 1% strain and a response time of a few seconds. 70, 74, 75 

Moreover, multi-stacking of the actuators can generate significant force, surpassing that of 

conventional hydrogel actuators. 70 To decrease the thickness of the metallic layer, Yan et 

al. reported supersonic cluster beam implantation method that the 100-nm thick Au layer 

can be deposited on PAA-PAN hydrogel. In this case, the formed device exhibited the 

bending motion with a 2% strain at 2 V. 143 

Carbon-based electrochemically active materials, such as graphene, CNT, MXene, 

have been employed to leverage their high capacitance for constructing electrochemical 

hydrogel actuators. 69, 71-73 Umrao et al., introduced a MXene-based electrode on an ionic 

gel (nafion containing [EMIm][BF4] ionic liquid). 72 Based on the high capacitance of the 

device, applying low voltages ranging from 0.1 to 1 V caused larger mobile cations (EMIm+) 

to be attracted to the negative electrode, leading to expansion and bending motion of the 

actuator in a controllable and reversible manner. This actuator exhibited a maximum actuation 
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strain of 1.37% and operated at frequencies up to 10 Hz. Notably, it achieved long-term cyclic 

stability of 97% over 18,000 cycles, demonstrating potential for various kinetic art applications, 

such as flapping butterflies and moving leaves on a tree. Although electrochemical hydrogel 

actuators can be operated under low voltages (< 2 V) with high frequency (~ 10 Hz), their 

performance has generally been limited to less than 2% of strain, restricting their wide range 

of robotic applications in actual biomedical scenarios.

3.3.3. Electroosmotic hydrogel actuator

Recently, electroosmotic hydrogel actuator has been developed, showing promise 

for low-voltage operation with high actuating performance that could surpass the limitation 

of electrostatic and electrochemical hydrogel actuators. Electroosmosis, a macroscopic 

electrokinetic phenomenon, induces fluid movement of a liquid electrolyte within a 

micromembrane under an electric field. When a liquid electrolyte is inside a microporous 

membrane with fixed surface charges, an electric double layer with a dominant opposite 

charge is generated. The attraction of this electric double layer by electric field generates a 

net movement of bulk fluid, thereby driving the net fluid flow within the devices. In contrast 

to conventional electroosmotic devices, which have bulky and rigid components, this new 

class of electroosmotic devices based on hydrogels offers a more flexible and compact 

alternative. 

For example, Na et al. reported a strong and fast hydrogel actuator utilizing the 

electroosmosis phenomenon that can generate large stress of 0.73 MPa. 145 The reported 

device features polyelectrolyte hydrogels (PSPA polymer with 1 M LiCl aqueous solution) 

wrapped with stiff semi-permeable membrane. When an electric field (4V/cm) is applied to 
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the hydrogels with stiff membrane, it can generate turgor pressure up to 1.44 MPa, 

demonstrating the ability to break a brick and construct underwater structures. It should be 

noted that these achievements could not be realized by previously reported actuators.  

Despite the promising features of electroosmotic actuators, they have suffered from the slow 

response time (~ several minutes), the requirement of large operation voltages (~ 10 V), and 

the use of rigid and bulky systems. Seamless integration of electrodes on hydrogels is highly 

desirable to improve response time of the actuation by suppressing undesirable 

electrochemical reactions.

As described in Section 2.2, electrodes with a unique structure (i.e., interconnected 

cracked electrodes, wrinkled nanomembrane electrodes) have been successfully introduced 

on hydrogels by using LRR-LbL assembly methods. 90, 91 Based on an exceptional 

performance of the hydrogel electrodes (electrical conductivity of 4.1 ×104 S cm-1 with 110% 

stretchability), high degree of electric field can be efficiently applied on hydrogels at 

mechanically dynamic states. Thanks to these breakthroughs in electrode design, the 

wrinkled nanomembrane electrode based-hydrogel actuators can be operated at low voltages 

(less than 3 V) with unprecedentedly high performance based on electroosmotic pumping 

inside hydrogel matrix. Based on the novel mechanism, small-scale untethered robots can 

be developed, demonstrating overcoming intrinsic limitations of other types of soft actuators. 

Although electroosmotic hydrogel actuators demonstrated promise for low-voltage 

operation with high actuating performance that address the limitation of electrostatic and 

electrochemical hydrogel actuators, their limited degree of operation stability (~ 500 cycles) 

should be further enhanced for future studies.

3.3.4. Electrochemical-osmotic hydrogel actuator
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Nanocomposite hydrogel embedded with CNF/MXene or CNF/MWCNT 2D 

assembled sheets demonstrated another new type of hydrogel actuators, called 

electrochemical-osmotic hydrogel actuator, which exploit the synergistic advantages of both 

electrochemical and osmotic mechanisms. 146 The nanocomposite hydrogel was prepared by 

sequentially depositing CNF/MXene 2D assembled sheets, made by vacuum filtration, onto 

a PVDF membrane. This multilayered CNF/MXene-based nanocomposite hydrogel 

exhibited high electrical conductivity (> 200 S cm-1) and notable in-plane tensile strength 

(100 MPa), due to the robust and rigid multilayered 2D structures of CNF and MXene. When 

subjected to an electric potential of 1 V, the nanocomposite hydrogel showed substantial 

out-of-plane swelling up to 85% within 120 s, driven by electrochemically-induced water 

uptake from increased osmotic pressure within hydrogel matrix. This reversible expansion 

and contraction mechanism, enabled by rapid electrochemical charging and discharging, 

allows for a reversible out-of-plane expansion of 85% under a very low voltage of 1 V.

Benselfelt et al. reported electrochemically controlled anisotropic nanowire 

composite hydrogels with enhanced conductivity. 147 Applying an electrical stimulus to these 

hydrogels amplifies the electrochemical swelling pressure, enabling the precise electrical 

manipulation of uniaxial shape deformations. Notably, precise shape deformation and a 

300% uniaxial expansion were achieved even at a low voltage of 1 V. Moreover, these ECO 

hydrogel actuators can exert a volumetric force of approximately 10,000 N cm−3, vastly 

surpassing the capabilities of electroosmotic hydrogel actuators by two orders of 

magnitude. 

As summarized in Table 2, severely different types of biocompatible soft actuators 

have been developed depending on hydrogel electrodes used, showing crucial impacts of 

various properties on their performance. It should be noted that not only in soft actuators in 
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general, but also in a variety of other energy conversion devices, their performance can be 

significantly improved through meticulous interface control of biocompatible electrodes. 

Additionally, interfacial and structural engineering approach for biocompatible materials can 

provide a foundational platform for developing high-performance biocompatible soft actuators 

with enhanced energy conversion and superior operational stability.

4. Summary and Perspective

The fabrication of high-performance biocompatible and soft energy electrodes with 

high electrical conductivity, mechanical flexibility, and bio-friendliness is one of the classic 

issues in realizing the electrodes for a variety of the next-generation wearable, skin-attached, 

and implantable electronics. In most cases, to fabricate such electrodes, metal and graphene 

layers have been deposited on the surface of biofriendly soft substrates by vacuum deposition 

process, chemical reduction process, or chemical vapor deposition method. On the other hand, 

solution-dispersible conductive components like metal nanocomposites or carbon nanotubes 

have been applied via spin-coating or simple mixing processes. However, it is very difficult for 

these conductive components and traditional processes to be stably and uniformly adsorbed 

onto the soft substrates with various form factors (i.e., porous and curved plastics, textiles, or 

hydrogel substrates) and sizes. Furthermore, the electrical conductivity of solution-processable 

conductive components is not suitable for the electrodes that require the bulk metal-like 

electrical conductivity due to the numerous contact resistances and their intrinsically low 

electrical conductivities (mainly carbon-based components and conducting polymers). In 

particular, hydrogel substrates, which are considered as one of the most promising candidates 

among various bio-friendly and soft substrates, have been unable to achieve stable and dense 

surface adsorption of various conductive materials. Thus, the interfacial interaction between 
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soft substrate and conductive components as well as the careful control over these organic 

ligands and surface coverage plays an important role in developing energy electrodes and 

determining their performance.

As described in this review article, the interfacial interaction control over the outermost 

surfaces of both biocompatible/soft substrates and conductive metal NPs can produce the 

ultrathin nanocomposite layers that can be used as electrical conductors of energy storage and 

conversion systems. In particular, converting hydrophobic metal NPs to hydrophilic metal NPs 

through sequential adsorption assembly based on interfacial interactions can perfectly convert 

various insulating biocompatible substrates, including even hydrogels, into electrically 

conductive substrates. Different from conventional coating methodologies (i.e., vacuum 

deposition process, spin-coating, and slurry casting), this approach ensures a uniform coating 

of functional NPs over the entire area of porous substrates (paper and cotton textile) and 

hydrated substrates (hydrogels).

As a result, this unique assembly could significantly enhance the charge transfer 

kinetics between neighboring NPs as well as between the substrate and NPs while maintaining 

the mechanical flexibility of biocompatible substrates. These phenomena have been confirmed 

in applications such as supercapacitors, BFCs, and soft actuators. Despite the advantages of 

interfacial interaction assembly, such as accurate control over surface chemistry and the surface 

coverage of the active NPs within the electrodes, the dip-coating process for thin film 

(nanometer-thick) deposition often causes time-consuming issues. However, these issues can 

be easily optimized by simply controlling the solution concentration of functional NPs and 

employing methods such as automatic spray deposition and roll-to-roll processes. In this regard, 

an effective combination of the interfacial interaction assembly of functional nanomaterials, 

structural design, and the advanced fabrication technology can be a breakthrough in 
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overcoming the barriers of applying the biocompatible electrodes to practical devices. 

Therefore, we envision that such an approach can be effectively applied to the energy 

electrodes for various wearable, portable, and/or implantable devices, including energy storage, 

conversion devices and biological devices.
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Table 1. Electrical conductivities and other properties of textile- and hydrogel-based electrodes 
fabricated by conventional methods and LRR-LbL assembly-based methods.

Type Fabrication
Method Materials Conductivity

(S cm-1) Other Properties Ref.

Drop casting PEDOT:PSS 0.14 105

Hydrothermal 
activation

rGO 0.04 100

Electroless 
plating, 

Electroplating
Cu 11000

- 94.9% after 2000 bending 
cycles

102

Textile-
based 

electrodes

LRR-LbL 
assembly

Au 210000 - 96% after 10,000 bending 
cycles

87

mobile ions 2.74 M NaCl < 0.5
- Modulus ~ 100 kPa
- Stretchability > 1000%
- Transparency ~ 98.9%

38

mobile ions/
embedding NaCl, MXene ionic :1.63

electrical : 200

- Strength ~ 100 MPa
-Electrochemical-osmotic 
activity

146

embedding Polyaniline 
nanofiber 0.12

- Modulus ~ 310 kPa
- Electrochemical activity 114

embedding Ag flakes/liquid 
metal 700

- Modulus ~ 20 kPa
- Stretchability > 400%
- Self-healing

48

hot pressing
graphitic carbon 
nitride/nitrogen-
doped graphene

780
- Modulus ~ 1330 MPa
- Stretchability ~ 20%
- Electrochemical activity

71

chemical 
reduction Pt 4000

- Modulus ~ 150 MPa
- Electrochemical activity 70

LRR-LbL 
assembly

interconnected 
cracked Au 
assembly

4310
- Modulus ~ 4 MPa
- Stretchability ~ 20%
- Electroosmosis

90

Hydrogel-
based 

electrodes

LRR-LbL 
assembly

wrinkled 
Au nanomembrane 41000

- Modulus ~ 4.2 MPa
- Stretchability ~ 110%
- Electroosmosis

91

Page 40 of 58Energy Advances

E
ne

rg
y

A
dv

an
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
au

gu
st

 2
02

4.
 D

ow
nl

oa
de

d 
on

 0
9.

08
.2

02
4 

08
.2

0.
43

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4YA00387J

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00387j


41

Table 2. Electrical conductivities and other properties of textile- and hydrogel-based electrodes 
fabricated by conventional methods and LbL assembly-based methods.

Type Electrode Type Materials Performance Ref.

Stretchable fabric MWCNT/MoO3 NW
33.8 mF cm−2 (at 0.1 mA 
cm−2)

104

Textile NiCo 12.2 F cm−2 (at 10 mA cm−2) 67

Polyester yarn rGO
49.4 mF cm−2 (at 1.0 mA 
cm−2)

99

Conducting polymer-
based hydrogel

PVA@PANI
1475 mF cm−2 (at 1.0 mA 
cm−2)

123

Conducting polymer-
based hydrogel

V2O5·nH2O NW
1540 mF cm−2 (at 5.0 mA 
cm−2)

114

Supercapacitor

Metal nanocomposite-
based hydrogel

PPy@Ag NW 5.25 F cm−2 (at 1.0 mA cm−2) 117

Microfiber
carbon fiber, conducting 
polymer 137 W cm-2 at 37 oC 129

CNT fiber CNT ~0.7 mW cm−2 130

CNT yarn textile PEDOT, MWCNT 2.18 mW cm−2 131
Biofuel cell

Cotton fiber Au NPs > 3 mW cm−2 88, 
134

Ionic hydrogel PAAm (NaCl) Areal strain 167% at 18 kV 38

Ionic hydrogel PAAm (LiCl) Bending ~ 26.9° at 10 kV 138

Nanocomposite 
hydrogel

CNF/MXene 
CNF/MWCNT

Uniaxial swelling ~ 85% at 1 
V

146

Nanocomposite 
hydrogel

CNF/MXene 
CNF/MWCNT

Uniaxial swelling ~ 300% at 1 
V
Force ~ 10,000 N cm−3

147

Electrode-coated
hydrogel

Au (100 nm) Bending stain ~ 2% at 2 V 143

Electrode-coated 
hydrogel

MXene-coated ionic gel Bending stain ~ 1.37% at 1 V 72

Soft actuator

Electrode-coated 
hydrogel

Au nanomembrane-
coated

Bending stain > 50% at 3 V 91
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Figure 1. Schematic illustration of textile-based and hydrogel-based biocompatible electrodes 
for the application of various energy storage and conversion devices, such as supercapacitor, 
biofuel cell, and soft actuator.

Page 42 of 58Energy Advances

E
ne

rg
y

A
dv

an
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
au

gu
st

 2
02

4.
 D

ow
nl

oa
de

d 
on

 0
9.

08
.2

02
4 

08
.2

0.
43

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4YA00387J

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00387j


43

Figure 2. (a) Gold microelectrode array prepared on PDMS substrate and its fabrication 
method. Adapted with permission.26 Copyright 2012, Royal Society of Chemistry. (b) Gold 
nanonetwork microeelctrode array on PI film for the electrocorticogram (ECoG) monitoring 
system. Adapted with permission.59 Copyright 2020, Wiley-VCH. (c) Schematic illustration of 
MXene electrode printed on paper substrate and (d) the sheet resistance changes of the printed 
electrodes as a function of printed paths. (e) Printed electrode array on a paper substrate. 
Adapted under the terms of the CC-BY Creative Commons Attribution 4.0 International 
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License (http://creativecommons.org/licenses/by/4.0/).68 Copyright 2019, Springer Nature. (f) 
Schematic illustration and SEM image of black phosphorous/carbon nanotubes electrodes 
coated on ionic gel by hot press method. Adapted with permission.73 Copyright 2019, Wiley-
VCH.
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Figure 3. (a) Schematic illustration of LRR–LbL assembly for the fabrication of textile 
electrodes. Adapted with permission.9 Copyright 2023, Wiley-VCH. (b) Photographic images 
of LRR-LbL assembly based (TREN/TOABr-Au NP)10 coated textile electrode. (c) Sheet 
resistances of (TREN/TOABr-Au NP)n-coated textile electrodes as a function of bilayer 
number, n. (d) FE-SEM images and EDX mapping images of the (TREN/TOABr-Au NP)10-
coated textile electrodes. (e) Electrical property changes of (TREN/TOABr-Au NP)10-coated 
textile electrodes as a function of bending cycles. Adapted under the terms of the CC-BY 
Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/).87 Copyright 2017, Springer Nature.
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Figure 4. (a) Schematic illustration of LRR–LbL assembly for the fabrication of hydrogel 
electrodes.  (b) Photographic images of (Au NP)n-coated PAA-co-PAN hydrogels with 
different shapes fabricated by LRR-LbL assembly. (c) Changes of sheet resistances of (Au 
NP)n-coated PAA-co-PAN hydrogels as a function of bilayer number, n. (d) Schematic and 
optical images of (Au NP)5-coated hydrogel electrodes with different bending conditions. 
Electrical stability of (Au NP)5-coated hydrogel electrodes as a function of (e) bending 
curvature and (f) bending cycle. Adapted with permission.90 Copyright 2020, American 
Chemical Society.
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Figure 5. (a) Schematic illustration of stretchable textile supercapacitor electrodes. (b) Specific 
and area capacitances with variation of current density. (c) Optical images and (d) CV curves 
of the supercapacitor measured during various dynamic deformation: pristine, folding, twisting, 
and after 100 folding cycles. (e) CV curves measured during dynamic stretching/releasing 
cycles at 30% strain with different strain rates of 2 and 5%/s. Adapted with permission.104 
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Copyright 2019, American Chemical Society. (f) Schematic illustration of the preparation of 
NiCo-electroplated textile electrodes. (g) Electrical properties of (CuS NP/Cys)n-coated 
textiles with increasing bilayer number (n) and after Ni electroplating. (h) FE-SEM and EDX 
mapping images of Ni-electroplated textile. (i) Relative electrical conductivity of Ni-
electroplated textile as a function of bending cycles. (j) Areal capacitance of NiCo-
electroplated textile electrodes with various electroplating times of NiCo in comparison with 
that of Ni-electroplated textile electrodes for various current densities from 10 to 100 mA cm-

2. Adapted under the terms of the Creative CommonsAttribution License.67 Copyright 2022, 
Wiley-VCH.
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Figure 6. (a) Schematic illustration of fabrication of PANI hydrogel. (b) SEM image of 3D 
porous network of V2O5 nanowires. (c) CV curves at different scan rate and (d) GCD curves at 
different scan rate of PANI hydrogel electrodes. Adapted with permission.114 Copyright 2018, 
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American Chemical Society. (e) Schematic illustration of fabrication of PPy@Ag NW-based 
hydrogel supercapacitor. (f) Macroscopic and FE-SEM images of PPy@Ag NWs foam 
composite with stretchability and mechanical robustness. (g) Areal and specific capacitance of 
hydrogel supercapacitor. (h) GCD curves of the hydrogel supercapacitor at a current density of 
10 mA cm-2 when stretched to 0-125% strain. Adapted with permission.117 Copyright 2021, 
Wiley-VCH.
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Figure 7. Schematic illustration of (a) fabrication process and (b) operation mechanism of the 
metallic cotton fiber-based cathode and anode prepared by LRR-LbL assembly. (c) Power 
output of the metallic cotton fiber-based biofuel cells with external resistors (1 kΩ~10 MΩ) as 
a function of bilayer number. (d) Power outputs of one and two metallic cotton fiber based-
biofuel cells. Adapted under the terms of the CC-BY Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/).88 Copyright 2018, 
Springer Nature. (d) Schematic illustration and FE-SEM images of (TOABr-Au 
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NP/TREN)20/cotton fiber electrodes fabricated by LRR-LbL assembly. (e) Power output of the 
complete hybrid biofuel cell as a function of potential in 300 mmol L−1 glucose in ambient 
conditions. (f) Power output of the complete hybrid biofuel cells with a fixed external resistance 
in the range of 1 kΩ to 10 MΩ. Adapted with permission.134 Copyright 2019, Royal Society of 
Chemistry.
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Figure 8. Schematic illustration of (a) operating mechanism and (b) bending of electrostatic 
hydrogel actuators and (c) their bending angle at different applied voltages. Adapted with 
permission.142 Copyright 2022, American Chemical Society. (d) Schematic illustration of 
operating mechanism of electrochemical actuator (graphdiyne-based electrode coated ionic gel) 
and (e) photographic images of their bending motions at different applied voltages. Adapted 
under the terms of the CC-BY Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/).144 Copyright 2018, Springer Nature.
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Figure 9. (a) Schematic illustration of operating mechanism of electroosmotic hydrogel 
actuator. (b) Photographic images and bending strain of the electroosmotic actuators with 
different thickness as a function of time at 3 V. Adapted with permission.90 Copyright 2020, 
American Chemical Society. (c) Schematic illustration of operating mechanism of 
electrochemical-osmotic hydrogel actuator. (d) Photographic images of expanded and 
contracted actuators with different applied potentials and their expansion ratio as a function of 
time at 1 V with different frequency. Adapted with permission.146 Copyright 2023, Wiley-
VCH. 
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