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ABSTRACT
Development of bioelectronics that can be used permanently in daily life without additional power sources is an important research goal. To this end, myriad permanent systems based on energy harvesting have been reported; however, there are still limitations, such as restrictions regarding specific installations and connections to lines. Herein, we present a new type of bioelectronics based on body-mediated energy transfer for zero-powered ion release and electrical stimulation. The body-mediated bioelectronics (BMB) is a new system that transfers electrical energy generated by various human activities (e.g., walking, using laptop) through the human body without energy loss. To apply the BMB to human skin, a biocompatible and skin-adhesive soft ion-diffusive hydrogel (IDH) was utilized as the bioelectrode. Finally, a BMB patch composed of IDHs with an iontophoretic structure was applied to the human body and zero-powered electrical stimulation as well as active ion emission were implemented in daily life.
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MAIN TEXT
Bioelectronics are emerging devices that are a promising solution to meet the global demands for self-care and smart healthcare1-8. Among them, non-invasive bioelectronics are considered as the realistic and feasible medical applications for minimizing anxiety in patients with toxicity problems9-11. However, non-invasive treatments show significantly low efficiencies because the drug or electrical signals must penetrate the dermis, epidermis, and keratin layers to reach the target. This results in ineffective control of the therapeutic effects of bioelectronics and limits their usability. The development of multifunctional bioelectrodes is also a big challenge of non-invasive bioelectronics. In particular, it is essential that non-invasive bioelectronics utilize flexible and stretchable conductive materials that can remain in close contact with the skin with a wrinkled surface and large strain12. Recently, various bioelectronic devices have utilized hydrogels as conductive materials to satisfy these requirements13-15, but most of them are only mechanically or electrically optimized for each application field. Such biased optimizations of hydrogels are incompatible for various other medical applications and have limited their versatility.
Meanwhile, conventional bioelectronics utilized external power sources to control and maximize the therapeutic effects. Despite the recent advances in battery energy density, it is a difficult task to provide stable and sustainable power supply. Small and affordable commercial batteries still require frequent replacement or recharging, and other related issues, such as toxic substances constituting both electrodes and electrolytes cannot be ignored in healthcare16-17. To address these issues, various energy harvesting system-based bioelectronics have been introduced to maintain fully autonomous operation independent of the battery18-20. However, the existing energy harvesting approaches are limited to placement on specific body parts; for example, piezo and triboelectric nanogenerators must be placed in areas of physical motion21-24 or extra wiring is required for such energy to be utilized as power sources. These limitations restrict physical movements and require special environmental conditions that ultimately prevent commercialization of bioelectronics. 
In order to minimize the incidental batteries and wiring, a new approach, material-mediated energy transfer, has been attempted in various fields25-28. The material-mediated energy transfer utilizes a waste AC energy that polarizes the surrounding material by time-varying electric potential from moving electrons (Figure 1a). From this perspective, electronic devices using AC energy sources generate a low-frequency and sinusoidal alternating potential (50-60 Hz according to national utility frequency) that polarize surrounding materials and dissipate in the form of AC electric fields. In addition, the triboelectrification in human physical activities (gait cycle) generates a low-frequency and non-sinusoidal alternating potential (0-6 Hz).29 These waste AC energies can be transferred through various dielectric materials as follow equation (1).26 

Herein, we introduce a new concept for bioelectronics that utilize the body-mediated energy transfer to accelerate iontophoresis, and simultaneously stimulate electricity without any batteries or wiring. Because cytoplasm and extracellular fluid in biological tissue has high relative permittivity below ~1 kHz,30 the human body can effectively transmit the low-frequency energy loss occurring in electronic devices and physical activities (body-mediated energy transfer) as shown in Figure 1b. The body-mediated bioelectronics (BMB) patch was fabricated using the optimized ion-diffusive hydrogel (IDH) developed for this purpose which has three kinds of features, skin-adhesiveness, ultra-softness and stimuli-responsive ion-control property. Therefore, physical activity or contact with the electronic device enables 1) realization of zero-powered electrical stimulation and 2) increased ion-delivery and skin penetration efficiency (Figure 1c). The mechanically and electrically optimized IDH is biocompatible and can be compactly attached to the skin to increase the performance of the non-invasive bioelectronic device.
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Figure 1. Body-mediated bioelectronics (BMB). (a) Concept of waste AC energy in electronics system and in physical activities. (b) Potential transfer via high relative permittivity biological medium (cytoplasm, extracellular fluid). (c) Multifunctional electrical stimuli-responsive ion-diffusive hydrogel as bioelectrode and dual functions for skin stimulation of BMB patch.
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Figure 2. Characterization of ion-diffusive hydrogels (IDHs). a Schematic illustration of different properties between three kinds of IDHs. b Raman spectroscopy analysis of each type of PAAM and PAAM_oxidized hyaluronic acid (OHA) gel according to degree of oxidation (DO). c Investigation of elastic modulus of PAAM gel, PAAMP (PAAM gel with PEDOT:PSS), and IDHs. d Measurements of shear adhesion forces of IDHs with different substrates (left bar: NH2-functionalized substrate, right bar: bare substrate). e Linear fitting indicates relationship between impedance (Ω) and frequency (Hz) and f Z’ and ω-1/2 and of IDHs. g Illustration of ion-diffusion kinetics difference of each IDHs. h Cross-section confocal image of ion penetration to IDHs without electrical stimulation (Voff) and with electrical stimulation (Von) (scale: 400 μm) and data analysis (right); data are presented as mean ± standard deviation (SD); *P<0.05, **P<0.01 (t-test, all experiments were conducted independently).
The ion-diffusive hydrogel (IDH) was fabricated by using three kinds of materials, acrylamide (PAAM), oxidized hyaluronic acid (OHA) and PEDOT:PSS (Figure. 2a). The key material for hydrogel ultra-softness is oxidized hyaluronic acid (OHA) which can form shiff-base bonding with PAAM. As the proof of concept, three types of OHA were synthesized with different degrees of oxidation (DO), and three types of IDHs were fabricated for each OHA. The prepared hydrogel using OHA1 was named as homogenous IDH (hIDH), gel using OHA2 was named as mild phase-separated IDH (mIDH), and gel using OHA3 was named as phase-separated IDH (sIDH). As the DO of OHA used during gelation increased, the peaks of the aldehyde C-H stretched and C=N bonds increased in each hydrogel (Figure. 2b), while the IDHs with PEDOT:PSS showed dominant PEDOT:PSS peaks (Figure S1a). Interestingly, unlike the rheometric results without PEDOT:PSS (Figure S1b), hIDH shows similar G’ to that of the PAAM hydrogel and even has a higher G’ than the PAAM hydrogel with PEDOT:PSS (PAAMP) (Figure S1c). This is attributed to uniform bonding by PAAM, OHA, and PEDOT:PSS during gelation. As shown in Figure S2, the IDHs exhibit hyperelastic behaviors31-32 for tension and compression. In particular, since the strain of the skin normally does not exceed 30 %, this strain is a criterion for the acceptance and limitation of skin deformation for sustainable treatment. Since OHA reduces the force required to uncoil the polymer chain, IDH reduces the 1st tangent modulus of PAAM with a strain of less than 30% (increasing ductility). Meanwhile, the easy uncoiling of the chain extends the hardening region for large deformations, thereby increasing the 2nd tangent modulus of the PAAM (increasing strength, Figure. 2c). The overall mechanical characteristics indicate that hIDH has a suitable range of elastic modulus (E) values for human skin and tissues without causing discomfort (Figure S3).33
The shear adhesion forces of the IDHs were measured using two kinds of substrates, namely bare substrates, and NH2-functionalized substrates (Figure S4a). Consequently, hIDH and mIDH showed higher shear strengths in NH2-functionalized substrates owing to schiff-base bonding between the NH2 groups of the substrates and residual C=O groups of the OHA (Figure 2d, Figure S4b). In contrast, sIDH showed higher shear adhesion strength in bare PETG owing to phase separation and unstable structure of the hydrogel. The hIDH had the highest shear adhesion force of about 57 J/m2 on the NH2-functionalized substrate which is higher than commercial bioadhesives.34
 Then, the electrochemical properties of the IDHs were further studied by cyclic voltammetry (CV) to analyze the oxidative/reductive reactions of each IDH. The PAAMP and sIDH showed unstable current densities for all cycles, and oxidative/reductive peaks were not observed for mIDH. In contrast, hIDH shows stable and broad oxidative as well as reductive peaks in all cycles (Figure S5). The body-mediated energy transfer mainly uses waste AC energy from human physical activities and electronics, which are in the low-frequency region (~60 Hz). The IDHs showed around 60–550 Ω n the electrical stimulation window (~100 Hz), which is acceptable impedance for body-attached electrodes (Figure. 2e). From the relationship between Z’ and ω-1/2 (ω = 2π × f) in the low-frequency region, hIDH demonstrates a lower slope that explains its optimized ion-diffusion kinetics (Figure. 2f).35 On the other hand, sIDH shows the lowest slope, which is attributed to the effects of the unstable and unbound PEDOT:PSS. To quantitatively identify the hypothesis, the diffusion coefficient (D) of each IDH was calculated according to the Randles–Sevcik equation (5):
  (5)
[bookmark: _Hlk106056199][bookmark: _Hlk106056322][bookmark: _Hlk106056503]where ip is the peak current, n is the electron transfer number, A is the surface area of the IDH (measured by a porosimeter, Figure S6), C0 is the reactant concentration, and ν is the scan rate. Dh was calculated as 1.856 cm2/s, which is the highest diffusion coefficient among the IDHs (Dm = 0.586 cm2/s, Ds = 0.918 cm2/s), indicating that homogenously structured IDH has optimized ion-diffusion kinetics (Figure. 2g). Based on the mechanical properties and ion-diffusion kinetics results, determined the hIDH is the most suitable for bioelectrode that the ionic model drug molecule could electrochemically doped into the PEDOT inside of hIDHs.36-38 Before investigating ion release in the low-frequency region, active ion loading was conducted using hIDH by attaching it to the electrode substrate with an external power source (the detailed setup is explained in the supporting information). The rhodamine 6G (R6G) was used as dopant ion for the hIDH and cross-sectional confocal imaging of the hIDH was used to investigate the loading depth of ions according to the time point. The hIDH shows a higher ion-loading efficiency under an external power supply (Figure 2h), which indicates that the diffusion of the model ions in hIDH can be accelerated by external electrical stimulation, stably bound and electrochemically polymerize to the gel matrix by reduction reactions. The prepared hIDH also shows high biocompatibility with human dermal fibroblasts and macrophage (Figure S7). 
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Figure 3. Characterization of BMB in ex-vivo experiments. (a) Schematic of the BMB including the rectifier (active electrode – red, counter electrode – yellow, passive electrodes - gray). (b-c) Energy transfer and electric field concentration via BMB when positive and negative potential is transmitted, respectively. (d) Voltage of waste AC energy according to type. Low-frequency electrical signaling (LFES) – regular and non-sinusoidal wave (6 Hz, 100 V). Physical activity – irregular and non-sinusoidal wave (6 Hz, 100 V). Electronics – regular and sinusoidal wave (60 Hz, 120 V). (e) Correlation between converted AC energy (voltage between passive hIDHs) and DC electric field (electric field between active and counter hIDHs). (f) Changes in strengths of DC electric fields according to rectifier and method of electrical grounding for free charge source. (g) Illustration of experimental setup for ion penetration of porcine skin. (h) Confocal image of ion-penetrated porcine skin (CTRL: control group, ES: electrical stimulated group, 2.5 D means 2.5 dimensions, 3 D means 3 dimensions) (scale: 400 μm).
As shown in Figure 3a, the BMB patch includes an active electrode connected to the anode of the rectifier (red, ΨA) and a counter electrode (yellow, ΨC) connected to the cathode of the rectifier. Additionally, there are two passive electrodes (gray): an electrode that is directly attached to skin and receives the potential from waste AC energy (ΨL); a free charge source with a different potential (ΨFCS) than the attached electrode. The waste AC energy forms an alternating potential (ΨL) on the attached electrode. If the circuit of BMB patch is connected, a potential difference (ΨFCS - ΨL) is formed between the attached electrode and free charge source, which is converted to usable AC energy (Figure 3b and S8). The converted AC energy is rectified to DC energy through a bridge diode. Thereafter, a pulse-type DC potential difference (ΨA - ΨC) is formed between the active and counter electrodes, which are connected to the anode and cathode of the rectifier, respectively (Figure 3c and S8b). Since the gradient of the electric potential forms an electric field as following equation (3):

This continuously changing pulsed DC potential difference forms a pulse-type DC electric field concentration for ion emission and electrical stimulation in the skin (Figure S8c).
The DC electric field formed by the BMB patch is directly affected by the type of waste AC energy and strength of the converted voltage between passive hIDHs. To compare and analyze these correlations, the effects of the types of waste AC energies and performance of the BMB patch were confirmed in an ex-vivo setup and on the human body. As shown in Figure 3d, three types of alternating potentials were used for the waste AC energy: low-frequency electrical signaling (LFES; regular and non-sinusoidal waves, 6 Hz), physical activity (irregular and non-sinusoidal waves, 5–6 Hz), and electronics (regular and sinusoidal waves, 60 Hz). The non-sinusoidal waves with a peak output of about 100 V were converted to usable energy of 1.5–6 V in both the ex-vivo setup and human body (Figure 3e). The converted energy formed the DC electric field with an intensity of 30–90 mV/mm. Meanwhile, sinusoidal waves with an output of about 120 V create usable energy of 11–12 V and form the DC electric field with an intensity of 90–110 mV/mm. The strengths of these electric fields are in the range that can vitalize the calcium-ion channels of the fibroblasts for wound healing.39-42 Since the human body is a complex system of electrolytes and organic matter, it is particularly difficult to confirm the electrical properties with high uniformity and reproducibility. Nevertheless, a tendency was observed where sinusoidal waves with higher frequencies and amplitudes form higher AC energy and DC electric field than non-sinusoidal waves. This means that the more the waste AC energy, the greater are the converted energy and DC electric field. 
In addition, the intensity of the DC electric field may be affected by the designs of IDHs in the BMB patch. Although the effects of the rectifier on the converted AC energy were not observed, there is a clear difference when the free charge source is earth-grounded or floated (Figure 3f and S9). Since the free charge source is close to the human body, the potential difference from the attached electrode is not large, and this shows smaller electric field than the ground. However, the ultimate purpose of the BMB patch is to be driven independently from any power line or battery. Hence, the free charge source is used as a floating electrode that is not grounded to earth. In addition, these results show the possibility that the maximum intensity of the electric field can be adjusted by not only adjusting the waste AC energy but also grounding or increasing the potential difference between the passive IDHs. Furthermore, the ion-loaded hIDH was attached to porcine skin and ion-release experiments were conducted with a low-frequency electrical signaling (LFES) machine with rectifier (Figure S10). The ion-release specimen was prepared with an iontophoretic structure that offers the advantage of high-efficiency skin penetration (Figure. 3g). Further, cross-sectional confocal imaging was performed after ion release and acceleration, which showed increased ion penetration of porcine skin (Figure 3h). 
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Figure 4. BMB patch utilization in daily life. (a) Blueprint of the BMB patch for zero-powered electrical stimulation and ion release. (b) Image of BMB patch on human skin. (c) Image of typing on a laptop when wearing the BMB patch. (d) Image of performing physical activities (walking, flapping, and touching) when wearing the BMB patch. (e) Strength of DC electric field formed by human activities (typing on laptop, holding cell phone, walking, running, flapping clothes, touching others). (f) Confocal images of ion-penetrated porcine skin with BMB patch (scale: 400 μm). (g) Ion penetration depth by BMB patch; data are presented as mean ± standard deviation (SD); *P<0.05, **P<0.01, ***P<0.001, ***P<0.0001 (t-test, all experiments were conducted independently).
[bookmark: _Hlk115019247]The proposed BMB patch that can be used in daily life was realized through a laminated design of the IDHs, rectifier, and insulating layer (Figure 4a and S11). The BMB patch is miniaturized for easy attachment to the skin without any repulsion or restrictions (Figure 4b). Moreover, when the BMB patch is attached and waste AC energy, such as contact with electronic devices or resulting from physical activities, is generated, the DC electric field is measured in real time (Figure 4c and d). A DC electric field of about 10–13 mV/mm is formed when typing on a laptop or holding a cell phone (Figure 4e and S12a, and Video S1). In addition, a DC electric field of about 10–20 mV/mm is formed during physical activities, such as walking or running, and about 0.3–2 mV/mm is formed when flapping clothes, touching another person, shaking hands, or by holding hands with another walking person (Figure S12b and S13, Video S2, and Video S3). The ion-release effect by the BMB patch was confirmed in the ex-vivo condition because its intensity and tendency for formation of the DC electric field are similar to that of the human body (Figure 3e). When the waste AC energy is applied to the forelimb with an ion-loaded BMB patch, the ion-penetration thickness increases more than two times (Figure 4f and g). In particular, although the higher output in physical activity was measured than using AC electronics, the ion-penetration efficiency in the BMB patch according to the input generated from the using AC electronics was higher. The result indicates that because the stable output generated from AC electronics was effective than the instantaneous output from human activity for ion-penetration. Overall results suggest that sustainable and on-demand non-invasive treatment can be achieved by attaching the fully independent BMB patch to the skin without any restrictions from external batteries or power lines.
We present a new concept of bioelectronics (BMBs) based on body-mediated energy transfer for continuous operation without any restrictions on daily life behaviors. The realized BMB patch was applied to the human body to verify that the electric field was locally concentrated according to various human activities (e.g., walking, running, using electronics, shaking hands) without additional power sources or power lines. Thus, the BMBs can provide both internal electrical stimulation and ion-release (drug) using human activities as the source of energy, which can never be exhausted. Our proposed BMBs overcome the drawbacks of conventional non-invasive bioelectronics and can pave the path to zero-powered bioelectronics with permanent operation.
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