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Abstract 

The field of bioelectronics bridges biology, electronics, and materials science to create devices that 

can sense and stimulate biological systems. These technologies enable early disease detection, personalized 

healthcare, and therapeutic intervention. Recently, the mismatch between rigid electronic components and 

dynamic, adaptive biological tissues has prompted a shift toward incorporating living materials (LMs) into 

bioelectronic systems. 

Living materials—comprising of live microorganisms—exhibit adaptive, responsive properties 

reminiscent of living systems. Being innately bioactive, adaptive and capable of sensing their environment, 

LMs serve as active platforms for biosensing and regenerative medicine. Their integration with 

bioelectronics offers a path toward soft, bioactive, and reconfigurable devices for disease management. 

This thesis investigates strategies for constructing living bioelectronic interfaces aimed at 

controlling inflammation and infection. 

Chapter 2 explores the use of LMs as bioactive interfacial components for immunomodulation. We 

developed a system called Active Bio-Integrated Living Electronics (ABLE), which combines a 

bioelectronic framework with a hydrogel composite encapsulating Staphylococcus epidermidis. This living 

interface enables microbial-driven intervention in psoriasis through the release of bioactive compounds. 

The hydrogel, prepared by thermally releasing amylose polymers, maintains bacterial viability through its 

viscoelastic extracellular matrix. When combined with electrophysiological and wireless sensors, ABLE 

enables simultaneous treatment and monitoring of inflammatory skin disease. 

Chapter 3 investigates how bioelectronics and LMs interact by studying microbial response at an 

electrified interface. Using a microelectronic platform, we uncovered an excitatory response in S. 

epidermidis, revealing that electrical stimuli from device can reversibly alter bacterial membrane potential. 

Remarkably, this excitability only emerged under acidic pH of healthy skin, suggesting that the bacterium’s 

electrical responsiveness is environmentally gated. This phenomenon enabled targeted suppression of 



xiv 
 

biofilm formation using low, non-lethal voltages—offering a programmable and energy-efficient strategy 

for infection control. 

Together, these studies demonstrate the potential of living biointerfaces in managing complex 

biological conditions. Looking forward, we anticipate that integration strategies between living and non-

living components will continue to evolve, unlocking richer interactions and broader therapeutic 

applications. 
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Chapter 1. Introduction 

*Chapter 1 adopts figures and text from ref (1): Kim, S.; Eig, E.; Tian, B. The Convergence of Bioelectronics and Engineered 
Living Materials. Cell Reports Phys. Sci. 2024, 5, 102149. 

 

1.1. Bioelectronics and living materials in healthcare 

Bioelectronics is an interdisciplinary domain that combines biology, electronics, and materials science 

to design technologies capable of interacting with living tissues. These systems can both detect and 

influence biological activity, offering powerful tools for early diagnosis and tailored healthcare solutions. 

With their ability to capture physiological signals with high precision, bioelectronic devices are being 

developed not only for therapeutic interventions—such as restoring motor or sensory function and 

modulating neural circuits—but also for non-invasive diagnostics, continuous health monitoring, and 

personalized treatment strategies.2,3 

Recent advances in bioelectronics focus on integrating living features like responsiveness, adaptability, 

memory, and self-healing capabilities. By re-creating adaptive and self-repairing properties of living 

systems, bioelectronic devices resist environmental stress and device fatigue, prolonging their 

lifespan.4 Incorporating tissue-like properties such as softness, programmability, anisotropy, and strain 

stiffening allows seamless integration with biological tissues and prevents damage due to mechanical 

mismatch5,6 The integration of memristors in bioelectronics enables new functionalities like neuromorphic 

computing and power-efficient data compression.7 However, mimicking natural features with purely 

synthetic materials poses significant challenges. Therefore, integration of living materials (LMs) emerged 

as a new strategy to realizing dynamic living functionalities in bioelectronics. 

The field of living materials (LMs) aims to recreate functional and responsive properties of life utilizing 

live microorganisms in a suitable vehicle. LMs are bioactive, perceive changes in their surroundings and 

dynamically reconfigure their properties, serving various purposes in biosensing and disease treatment8,9 

Section 1.2 and 1.3 describes how the two fields – bioelectronics and LMs – struggles to imitate nature’s 
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dynamic living properties on their own. Section 1.4 describes the limited attempts at combining the two 

fields to create living bioelectronics and the synergies derived from it. 

1.2 Strategies to impart living features in bioelectronics 

The rigid inorganic materials used in bioelectronic devices often struggle to interface effectively 

with soft, dynamic, and responsive living tissues. Additionally, the requirement for power often leads to the 

use of large, bulky batteries, which in turn reduces their lifespan.10 To address these challenges, exploring 

living characteristics within bioelectronics has emerged as a key focus for the next generation of this field. 

Traditional efforts have largely focused on blending stretchability and tissue-like viscoelasticity to improve 

biointerfaces.11 However, integrating additional living attributes such as self-healing, adaptability, and 

memory shows promise in creating highly resilient, energy-efficient, and intelligent bioelectronic systems. 

This section introduces selected material engineering approaches aimed at incorporating living features into 

bioelectronics.  

1.2.1. Self-healing and regeneration 

The introduction of self-healing features in bioelectronics offers the potential to repair physical 

damage and restore previous properties and functionalities. One notable example is a self-healing material 

developed by Cooper et al., which used a polymeric material composed of alternating layers of 

polydimethylsiloxane and polypropylene glycol, each containing bisurea groups that confer self-healing 

capacity (Figure 1-1A).12 The immiscible backbones of these polymers facilitated surface tension-mediated 

realignment, while their dynamic bisurea bonds enabled self-healing at higher temperatures. By 

incorporating insulating SrTiO3 microparticles and conductive carbon nanoparticles (NPs), they created a 

pressure sensor that maintained sensing capacity despite misalignment, recovering nearly 96% of its 

capacitance through heat-stimulated realignment. Magnetic NdFeB nanoflakes provided external control 

over the realignment and healing process using a magnetic field. Other self-healing materials, enabled by 
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reversible hydrogen bonding and metal-coordination bonding,13,14 have greatly improved fatigue resistance 

and long-term stability of bioelectronic devices. 

 

Figure 1-1. Material design strategies to impart living features in bioelectronics A. Differential 

miscibility drives surface tension-mediated realignment and self-healing of a multilayer material for 

bioelectronics. Reproduced with permission from Cooper et al., copyright 2023, AAAS.12 B. Granules 

embedded in a gelatin matrix are released when exposed to body temperature, forming a focal biointerface 

that facilitates electrophysiology recording. Reproduced with permission from Shi et al., copyright 2024, 

Springer Nature.15 C. Vibrations from movement allow piezoelectric generators to automatically harvest 

energy. Reproduced with permission from Han et al., copyright 2019, Springer Nature. D. Diffusion of 

AgNPs creates memory within memristive circuits through repeated electrical stimulation. Reproduced 

with permission from Fu et al., copyright 2020, Springer Nature.16  
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1.2.2 Stimuli-responsiveness 

Bioelectronics mimic the ability of biological systems to respond to stimuli, adapting their function 

on demand. This capability is particularly useful for improving the conformity of the biointerface, which 

enhances signal recording efficacy, and for extending device lifespan by responding to changes in tissue 

conditions. For instance, Shi et al. developed a dynamic hydrogel matrix composed of gelatin that can 

dissolve and release starch granules in response to temperature and pH changes.15 When the gelatin matrix 

dissolves upon exposure to physiological temperature, the released starch granules create a localized, cell-

scale biointerface. By chemically altering the granules with therapeutic molecules, the researchers 

facilitated applications like wound healing and electrocardiogram signal recording (Figure 1-1B). 

Another approach, by Jiao et al., involved developing a device that adjusts its shape and mechanical 

properties to match the target organ automatically in response to thermal stimuli.17 Heating the device to 

body temperature softened the shape memory polymer substrate, allowing implantation through small 

incisions and improving conformity to the tissue it interfaces with. This enhances the effectiveness of its 

electrodes for temperature, potential, and pH sensing, crucial for diagnosing conditions like epilepsy or 

pericardial effusion. The substrate retains sufficient strength to maintain its shape over extended periods, 

thereby enhancing durability. 

1.2.3 Self-powered system 

Bioelectronic devices that generate their own power or harvest energy from their surroundings 

simplify integration with biological systems by eliminating bulky batteries and external wiring. For 

example, Han et al. developed self-powered bioelectronic devices using a three-dimensional (3D) 

piezoelectric generator that captures energy from natural animal movements (Figure 1-1C).18 They 

employed a serpentine-shaped polyvinylidene difluoride generator with sandwiched electrodes, generating 

voltage from in-plane vibrations and out-of-plane oscillations. When implanted in a rodent’s hind leg, this 

setup enabled energy harvesting from movement, thus enabling autonomous operation. In another study, 
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researchers reported thermoelectric generators consisting of Bi and Sb chalcogenides and Au-Ge electrodes 

that can generate power through the temperature difference between the body and surrounding 

air.19 Photovoltaic generators have also been employed to generate energy through ambient light.20  

1.2.4 Programmability  

The ability to store information for long-term use is a crucial feature in permanent or implantable 

bioelectronics. This can be achieved through memristors, devices capable of retaining the amount of charge 

that flows through them. Fu et al. developed diffusive memristors designed to operate at biological voltages 

of 40–100 mV.16 When an electrical signal passes through the memristor, it triggers the diffusion of AgNPs, 

forming a conductive filament (Figure 1-1D). This process is facilitated by protein nanowire-catalyzed 

reduction of Ag. Repeated stimulation enhances or depresses current, mimicking synaptic plasticity. These 

artificial neurons replicate temporal and spatial summation, showing potential for power-efficient bio-

computing. In addition to electrical stimulation, repeated mechanical stretching can program the bulk 

electrical properties of bioelectronic devices. For instance, Lipomi et al. demonstrated reversible alterations 

in the material’s electrical conductivity through strain-induced realignment of carbon nanofibers.21  

1.3. Strategies to impart living features in LMs 

In the preceding section, we briefly explored how bioelectronics achieve living properties through 

material engineering approaches. In contrast, LMs manifest living properties by incorporating functional 

microorganisms, typically into a synthetic or naturally occurring matrices. Genetic engineering of 

functional microorganisms and clever design of encapsulating matrix have advanced the application of LMs 

in biosensing and regenerative medicine. The following section details strategies for replicating living 

characteristics within LMs. 

1.3.1 Programmability 

LMs aim to replicate the programmability of natural systems by designing materials that can 

reconfigure their mechanical and biocatalytic properties. Gilbert et al. created LMs through a co-culture of 
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genetically programmed Saccharomyces cerevisiae and bacteriocellulose-producing Komagataeibacter 

rhaeticus.22 S. cerevisiae secreted enzymes that functionalized the matrix, thereby altering the material’s 

properties. The introduction of catalytic enzymes enabled the oxidation of environmental pollutants, while 

cellulase secretion reduced the matrix’s stiffness. Optogenetic circuits were also integrated into the material, 

transforming the LMs into a living biosensor capable of detecting blue light and expressing fluorescent 

reporter proteins. 

Biomineralization is a common strategy used to enhance mechanical properties. In one 

example, Sporosarcina pasteurii was encapsulated in gelatin microparticles embedded in a Ca2+-

crosslinked alginate hydrogel. When exposed to a mineralizing environment, the encapsulated bacteria 

hydrolyzed urea, producing carbonate ions that reacted with calcium ions to precipitate CaCO3 minerals 

(Figure 1-2A). The hardening of the composite enabled it to withstand pressures of up to 3.5 

MPa.23 Integrating a synthetic polymer matrix can provide additional avenues for reconfiguring material 

properties. Yu et al. incorporated chloroplasts into a synthetic hydrogel containing a glucose-crosslinkable 

isocyanate group.24 The photosynthesized glucose facilitated crosslinking of the hydrogel, enhancing its 

Young’s modulus in response to light. 
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Figure 1-2. Strategies to imitate living features in LMs. A. S. pasteurii-driven biomineralization 

modifies the mechanical properties of a gelatin-alginate matrix in the presence of urea. Reproduced with 

permission from Hirsch et al., copyright 2023, Elsevier.23 B. Compartmentalization 

of E. coli and M. guilliermondii into a heterogeneous core-shell microparticle scaffold enables efficient 

conversion of glucose into 2-PE through the cooperative action of the two organisms. Reproduced with 

permission from Ou et al., copyright 2023, Springer Nature.25 C. Bacterial cellulose spheroids used as self-

growing building blocks can heal punctured holes and glue fragmented synthetic material, allowing the 

recovery of tensile strength and Young’s modulus. Scale bar, 5mm. Reproduced with permission from Caro-

Astorga et al., copyright 2021, Springer Nature.26 D. Light-inducible biofilm growth and biomineralization 

produce a gradient of biofilm height and Young’s modulus at different light intensities. Reproduced with 

permission from Wang et al., copyright 2020, Springer Nature.27 
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1.3.2. Compartmentalization 

LMs mimic compartmentalized interactions in nature by organizing microbes with distinct 

functionalities into modular building blocks. Achieved through 3D printing, separating different engineered 

cell types in hydrogel matrices can facilitate bio-computing. For example, multicellular logic has been 

achieved through compartmentalization, where operations such as NOT, AND, OR, and NAND are 

performed based on the spatial distribution and interactions of genetically engineered E. coli.28 Also, 

separating bacterial strains with sender and receiver functions into different building blocks simplifies 

biosensing processes.29  

The concept of division of labor can facilitate bioprocessing in LMs. Ou et al. compartmentalized 

engineered E. coli and Meyerozyma guilliermondii within microparticles consisting of a 

carboxymethylcellulose core and a gelatin/gelatin methacryloyl shell, crosslinked to create a heterogeneous 

scaffold.25 Enzymatic cascades and interparticle metabolite transfer enabled the conversion of glucose to 2-

phenylethanol (2-PE) through cooperative action of the two organisms (Figure 1-2B). 

Compartmentalization prevented competitive growth and promoted efficient mass transfer of metabolites, 

resulting in a 6-fold increase in 2-PE production compared to homogeneous counterparts. 

1.3.3. Self-healing and regeneration 

LMs emulate nature’s ability for autonomous growth and regeneration by incorporating matrix-

forming microorganisms. Bacterial cellulose, known for its high tensile strength, flexibility, 

biocompatibility, and degradability, is widely used as a self-growing matrix. Caro-Astorga et al. utilized 

millimeter-scale bacteriocellulose spheroids grown from shaking cultures of K. rhaeticus as modular 

building blocks to create 3D-shaped living materials.26 These spheroid particles effectively sealed punctures 

in the bacterial cellulose pellicle, restoring its Young’s modulus and even fusing fragmented synthetic 

materials together within 10 days (Figure 1-2C). Other than bacteriocellulose, biofilms can be used for 

self-regenerating material. In one example, Wang et al. developed living patterned and gradient composites 
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by combining light-inducible bacterial biofilm growth with biomimetic hydroxyapatite 

mineralization.26 The thickness of the biofilm was precisely controlled using blue light intensity, resulting 

in a gradient of Young’s modulus (Figure 1-2D). 

1.4. The convergence of bioelectronics and living materials 

In summary, we explored how two distinct disciplines—bioelectronics and LMs—aim to replicate 

nature’s living properties using innovative approaches. Bioelectronics primarily focuses on material 

engineering, while LMs emphasize genetic modification and the selection of functional microbes. For 

instance, bioelectronics achieve self-healing capabilities through dynamic bond-forming materials, whereas 

LMs usually attain regenerative properties by engineered organisms that secrete extracellular matrix. 

Bioelectronics achieve stimuli responsiveness by harnessing chemical and physical properties of synthetic 

materials, while LMs accomplish these traits via compartmentalizing microorganisms with genetically 

encoded logic gates. Despite their differing methodologies, their goal is harmonious. Recently, there has 

been an emerging effort to integrate bioelectronics and LMs to create living bioelectronics, which 

synergistically realize nature’s dynamic living properties for disease treatments. 

LMs with high electronic conductivity have replaced gold films as self-healing and stretchable 

interconnects. For example, Chen et al. developed engineered bacteria that self-assembles through 

nanobody (Nb)-antigen (Ag) pair adhesion (Figure 1-3A and Figure 1-3B).30 This material, known as 

living assembled material by bacterial adhesion (LAMBA), was conductive and capable of rapid self-

healing through cell growth and adhesion. When used as an electromyography sensor, sliced LAMBA 

maintained conductivity through multiple stretch cycles after healing, effectively addressing the fatigue 

issue in wearable devices. Additionally, LAMBA’s conductivity could be enhanced by programming the 

expression of a protein that immobilizes AuNPs. This example shows that LMs with programmable 

electrical properties, fatigue resistance, and self-regeneration can enable the development of adaptable 

electronics that respond to environmental changes. 

https://www.cell.com/cell-reports-physical-science/fulltext/S2666-3864(24)00434-X
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Figure 1-3. Emerging prospects in living bioelectronics. A. Conjugating E. coli that expresses Ag and 

Nb pair forms a LAMBA with programmable conductivity and the ability to recover damage induced by 

slicing and repeated stretching. B. LAMBA can be electronically integrated as a self-healing conductor in 

an electromyography sensor. Scale bar, 2mm. Reproduced with permission from Chen et al., copyright 2021, 

Springer Nature.30  

LMs in bioelectronics can serve as a transducer for complex biological signals. For instance, Mimee 

and colleagues developed a hemoglobin-sensitive probiotic biosensor that expresses a luminescence 

reporter when exposed to gastrointestinal bleeding (Figure 1-4A).31 This signal is then quantified by a 

photodetector, which wirelessly transmits photocurrent data for real-time monitoring in vivo. In a recent 

study, Atkinson et al. electrogenetically engineered E. coli to produce an electrical current in response to an 

endocrine disruptor (Figure 1-4B).32 When encapsulated with conductive nanomaterials, the 

engineered E. coli detected the endocrine disruptor in urban water samples within minutes. These examples 

show how the integrated LMs can transduce complex biological signals into an output that can be precisely 

quantified by bioelectronics. 
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Figure 1-4. Emerging prospects in living bioelectronic sensors. A. Engineered E. coli produces 

luminescence in response to blood heme. When integrated with an ingestible microelectronic pill, equipped 

with photodetectors, the luminescence signal can be quantified as photocurrent and wirelessly transmitted 

for real-time monitoring of porcine gastric bleeding. Reproduced with permission from Mimee et al., 

copyright 2018, AAAS.31 B. Electrogenetically engineered E. coli encapsulated in a conductive hydrogel 

scaffold enables fast detection of the endocrine disruptor 4-hydroxytamoxifen (4-HT) in urban water 

samples through EET. Reproduced with permission from Atkinson et al., copyright 2022, Springer Nature.32  

1.5 Current Status of living bioelectronic interfaces 

Living materials have been interfaced with bioelectronics as self-healing conductive interconnects 

and biosensing transducers. However, integration beyond these functions remains limited. In Part 2, we 

explore integration of LMs as a bioactive interface in electronic devices, revealing unique synergies that 

enable effective immunomodulation. In Part 3, we investigate how bioelectronics and LMs can interact by 

probing microbial response at the electrified interface, demonstrating how we can leverage the 

bioelectronics-LMs interaction for infection management (Figure 1-5). 

 

 

 



12 
 

 

Figure 1-5. Outline of the topics to be discussed in chapter 2 and chapter 3. 
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Chapter 2. Active Biointegrated Living Electronics (ABLE) for Inflammation 
Management 
*Chapter 2 adopts figures and text from ref (1): Shi, J.†; Kim, S.†; Li, P.; Dong, F.; Yang, C.; Nam, B.; Han, C.; Eig, E.; Shi, L. 
L.; Niu, S.; Yue, J.; Tian, B. Active Biointegrated Living Electronics for Managing Inflammation. Science (80-. ). 2024, 384 
(6699), 1023–1030. Adapted with permission from Shi et al., copyright 2024, AAAS. 

 

2.1 Introduction 

2.1.1 Biointerface for inflammation management 

Biomaterials that synergistically incorporate biomechanical,2–4 biogenic,5–7 and bioelectrical8–10 

properties offer the potential to establish lifelike, seamless, and multifaceted biointerfaces with tissues. 

Bioelectronics, in particular, have become indispensable for capturing physiological signals,11–14 monitoring 

inflammation as a diagnostic tool,15,16 and executing biological modulation for targeted treatments.17,18 

However, the primary challenge with traditional bioelectronics is their integration with biological tissues, 

which arises from disparities in mechanical, chemical, and biological attributes (Figure 2-1A and Figure 

2-1B.19,20 The mechanical discrepancies in bioelectronics can lead to interfacial discontinuities, 

compromising signal fidelity.21,22 Although hydrogels act as an intermediary layer to bridge the mechanical 

gap between electronics and biological systems, they may fall short in providing the necessary cellular 

functions for tissue modulation (Figure 2-1C).23,24 Consequently, contemporary bioelectronics, when used 

to monitor inflammatory conditions, lack the biogenic capacity for concurrent immunoregulation.15 This 

limitation restricts the versatility of bioelectronics in addressing the complexities of various diseases. To 

expand the role of bioelectronics in tissue restoration and monitoring, there is a pressing need to design 

interface with enhanced bioactivity. Inherent biological systems such as bacteria and mammalian cells 

naturally exhibit cellular signal generation and transmission, which may be leveraged for inflammation 

management.25 However, the integration of these living entities into bioelectronics remains a challenge, 

mainly due to the absence of precise control mechanisms and a thorough understanding of the dynamics 

between foreign cells and host diseases. 
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Figure 2-1. Living bioelectronics device with bioactive interface enables wireless skin disease 

diagnosis and therapy. A. Schematic illustrates that living bioelectronics enable information collection, 

disease diagnosis, and therapy delivery. B. The interplay across the three key dimensions through 

bioelectronics, hydrogel, and bacteria is crucial for biointegrated living electronics functionality. (1) 

Biopolymer enhances bacterial viability. (2) Bacteria modulate the skin immune environment. (3) 

Bioelectronics collects information from skin through electrical sensing (e-sensing). (4) Bioelectronics 

manages the biosafety of bacteria through electrical stimulation (e-stimulation). (5) Hydrogel encapsulation 

promotes long-term storage and viability of bacteria. (6) Viscoelasticity of the living hydrogel ensures a 

stable interaction with skin tissue. (7) Viscoelasticity of the hydrogel facilitates information collection from 

skin. (8) Biomechanical properties of the hydrogel assist biohazard management. (9) Skin-adhesion 

property of the hydrogel improves long-term information collection. C. Compared to conventional 

bioelectronics interfaces, ABLE combines functionalities across the bioelectrical, biomechanical, and 

biogenic domains. D. Photographs display the various ABLE device configurations. Scale bars: (i) 2 mm; 
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(ii), (iii) 4 mm; (iv), (v), (vi) 3 mm. E. Photographs show the ABLE bioelectrical interfaces. Scale bars: (i) 

15 mm; (ii) 3 mm; (iii) 5 mm. 

2.1.2 Design principle of ABLE 

We introduce the active biointegrated living electronics (ABLE) platform (Figure 2-1-D and 

Figure 2-1E). The ABLE platform comprises a living hydrogel at the tissue-electronics interface to impart 

essential biogenic properties for skin immunoregulation. The skin commensal bacterium Staphylococcus 

epidermidis from human skin flora was chosen as the living component in biointerfaces, which provides 

bioelectronics with capabilities to regulate inflammation and promote skin regeneration. The ABLE 

platform multifunctionality arises from synergistic interaction between the biogenic, biomechanical, and 

bioelectrical realms (Figure 2-1B). Biogenic polymers enhance bacterial viability (Figure 2-1B, item 1), 

and the bacteria themselves modulate the skin’s immune environment (Figure 2-1B, item 2). The 

bioelectronics within the system facilitate electrical sensing (e-sensing) to gather information from the skin 

(Figure 2-1B, item 3) and utilize electrical stimulation (e-stimulation) to manage the biosafety of bacteria 

(Figure 2-1B, item 4), addressing long-standing biohazard concerns of handling synthetic living materials 

with opportunistic pathogens.26,27 The living hydrogel plays multiple roles: Its encapsulation fosters 

prolonged bacterial storage and viability (Figure 2-1B, item 5), and its viscoelastic properties ensure stable 

skin interaction (Figure 2-1B, item 6), aid in information collection from the skin (Figure 2-1B, item 7), 

and assist in biohazard management (Figure 2-1B, item 8). Lastly, the hydrogel’s skin-adhesion property 

facilitates long-term data acquisition (Figure 2-1B, item 9). 

2.2 Results and Discussion 

2.2.1 Design and evaluation of the biogenic matrix in ABLE 

We chose a hydrogel composite as the primary matrix for the living ABLE biointerface owing to 

its biomechanical and structural resemblance to biological tissues.20 We incorporated S. epidermidis as the 

living component, because this species is part of the human skin flora and can modulate biological activity 
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in skin cells.28 To ensure the functionality of the living biointerface, the hydrogel matrix must support 

bacterial viability, with bioelectrical and biomechanical capabilities for interfacing with electronics and 

biological tissue. 

 

Fig. 2-2. Rational design of living biointerface for bioelectronics with biogenic, biomechanical, and 

bioelectrical functionality. A. Mimicking the natural composition of biofilm, gelatin and starch are used 

as the protein and polysaccharide polymer in constructing the double network hydrogel, i.e., the living 

biointerface. B. Tapioca starch best sustains bacteria viability among various polysaccharides. n = 5 

independent experiments. C. During gelatinization, amylose leaks from the amorphous lamella inside the 

starch granules and enhances bacteria viability. n = 5 independent experiments. D. Fluorescent images 

indicate the structural transformation of starch granules after thermal treatment at different temperatures. 

Scale bar, 10 μm. E. Confocal microscope imaging shows the distribution of S. epidermidis inside the living 
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hydrogel matrix. Bacteria are stained with FM1-43 (red) and starch is stained with 8-amino-1,3,6-

pyrenetrisulfonic acid (blue). Scale bar, 15 μm. F. Gelatinization of starch promotes bacteria viability in the 

living hydrogel matrix for at least 4 days. n = 5 independent experiments. G. Bacteria can be stored within 

the hydrogel matrix over a long-term period and rejuvenated with an overnight culture. Scale bar, 20 

μm. n = 5 independent experiments. H. Schematic diagram and photograph show the structural 

configuration of the living hydrogel hybrid mesh electronics device for sEMG recording. Scale bar, 3 mm. 

I. Spatial intensity map reveals the sEMG activity across the 15 electrical channels at the rat leg. Size of 

region: 16 mm (horizontal) by 12.8 mm (vertical). J. Comparison of SNR in gold bioelectronics biointerface 

versus living hydrogel coating indicated that living hydrogel-coated bioelectronics facilitate 

electrophysiological recording. n = 15 independent channels. P values are determined by paired t test, two 

tailed. All data are presented as mean values ± SD. 

In designing a hydrogel matrix conducive to the long-term viability of S. epidermidis (Figure 2-

1B, item 1), we drew inspiration from natural biofilms that promote bacterial survival and community 

regulation.29 To emulate the major biofilm components of proteinaceous matrix and exopolysaccharides, 

we created a biocompatible hydrogel matrix using a dual network of protein and polysaccharide polymers 

(Figure 2.2-A). We selected gelatin as the main protein matrix given its natural origin and superior hydrogel-

forming properties.30 To identify the polysaccharide component, we screened a library of materials 

including various biogenic and synthetic polymers. Tapioca starch best supported S. epidermidis viability 

and was selected as the polysaccharide (Figure 2-2B and Figure 2-2C). We further applied a gelatinization 

and retrogradation process through a heating-cooling cycle. This process diminished the crystallinity of the 

starch, altering the granular morphology and diffusing out the granule-enclosed amylose (Figure 2-2D). 

The hydrated starch with exposed amylose content formed a biocompatible network with which bacteria 

interact (Figure 2-2C-E). Gelatinization of starch prolongs bacterial viability inside hydrogel matrix 

(Figure 2.2-F). Altogether, we crafted a protein-polysaccharide hydrogel for bacterial encapsulation and 

immobilization (Figure 2-2E and Figure 2-3), which promoted prolonged bacterial viability of at least 4 
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days (Figure 2-2F). Additionally, the freeze-dried living hydrogel can be preserved for 30 days at −80°C. 

Owing to the hydrogel’s ability to support bacterial growth, any loss of bacterial viability during storage 

can be recovered beyond its initial level by allowing the rehydrated hydrogel to sit at room temperature 

overnight. This feature, along with the stability of electronic devices, indicates potential for industrialization 

and distribution (Figure 2-2G). 

 

Figure 2-3. Hydrogel immobilizes the motion of encapsulated bacteria. Bacteria display significantly 

reduced motion speed within the hydrogel matrix compared to the culture medium, suggesting that the 

living hydrogel effectively restricts the movement of bacteria within the matrix. Scale bar, 10 μm. Data are 

presented as mean ± standard error of mean. (n=3) 

The living hydrogels display favorable bioelectrical and biomechanical characteristics, facilitating 

integration of bioelectronic devices with biological tissues (Figure 2-1B). The living hydrogels have a high 

water content (>75%), possess tissue-compliant ultrasoftness (shear modulus of 4 kPa), and remain stable 

across environmental variations (Figure 2-4). The strain- and frequency-dependent modulus, fast stress 

relaxation, and mechanical hysteresis further confirmed the viscoelasticity (Figure 2-4). Such tissue-

mimicking biomechanical properties promote a conformal biointerface with tissues, for seamless 

integration of bioelectronics (Figure 2-5). Furthermore, the abundance of hydroxyl groups in the starch 

polymer endows the living hydrogel with adhesive properties, enhancing the stability of the bioelectronic 

devices on the tissue. 
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Figure. 2-4. Mechanical tests demonstrate the living hydrogel is soft and viscoelastic. (a) Storage 

modulus (G’; left axis), Loss modulus (G’’; left axis), and tan δ (G’’/G’; right axis) are shown as a function 

of frequency at 1% of strain. (b) Storage modulus (G’; left axis), Loss modulus (G’’; left axis), and tan δ 

(G’’/G’; right axis) are shown as a function of strain at 1Hz frequency. (c) The stress relaxation test shows 

the living hydrogel has fast relaxation behaviors. (d) The strain-stress curve illustrates that the living 

hydrogel undergoes energy dissipation during the cyclic mechanical loading. n=5 for each test. 

 

Figure 2-5. SEM images of starch gelatin hydrogel and Au/Polyimide film attached on porcine skin. 

Viscoelasticity enables conformal attachment of starch-gelatin hydrogel on the rugged skin surface. Scale 

bar, 200 µm 
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We constructed a 15-channel mesh electronics array from bipolar input for surface 

electromyography (sEMG) intensity mapping (Figure 2-2H). We interfaced the electrophysiology-based 

ABLE device with the skin on a rat’s leg and recorded the EMG signals evoked by sciatic nerve stimulation. 

Forming a the stable and conformal biointerface, the ABLE device resolved a high sEMG spatial intensity 

map over an area of 16 mm by 12.8 mm (Figure 2-2I), with an average signal-to-noise ratio (SNR) of 26.76 

dB. By contrast, a gold biointerface (electronics without living hydrogel) recorded EMG signals with an 

SNR of 12.00 dB, indicating that the conformal nature of the ABLE facilitates electrophysiological signal 

transmission (Figure 2-2J).  

2.2.2 Skin disease monitoring and therapy with ABLE 

We applied the ABLE devices to a psoriasis mouse model (Figure 2-6A). Psoriasis is a chronic 

inflammatory disease that affects ~125 million people worldwide, with no complete cure.31 Current 

treatment options often involve small-molecule drugs with potential systemic side effects. We conducted a 

series of preclinical evaluations using ABLE in the imiquimod (IMQ)–induced psoriasis model.32 This 

model is widely used in in vivo research because of its clinical and histological similarities to human 

psoriasis, including characteristic symptoms such as desquamation, thickening of the epithelial structure, 

skin inflammation, and dysregulated host skin microbiota.33 
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Figure 2-6. ABLE enables electrophysiological signal recording, diagnosis of psoriasis, and treatment 

of psoriasis. A. Schematic showing ABLE functionality in diagnosis and treatment of psoriasis. B. 

Schematic diagram and photograph show the structural configuration of the living hydrogel hybrid mesh 

electronics device for sECG recording. Scale bar, 5 mm. C. Representative six-lead electrocardiogram 

signals reveal heart rhythm in I, II, III, aVL, aVR, and aVF leads. D. Living bioelectronics device reports 

lower SNR in ECG recording in psoriasiform skin compared to controls. n = 6 independent channels. E. 

Schematic diagram shows the structural configuration of FPCB-based ABLE. F. Circuit diagram of wireless 

bioelectronics for skin monitoring and living hydrogel modulation. G. Representative photographs at day 

0 and day 4 showing that ABLE treats psoriasis. Psoriasiform features including erythema, induration, and 

desquamation, are all substantially diminished. Scale bar, 5 mm. H. Impedance of psoriasis skin lesions, as 

measured using ABLE, indicates recovery progress. Results align with the psoriasis severity index 

(PSI). n = 5 independent animals. I. Disinfection electrodes on ABLE disinfect the living hydrogel through 

3.5-V direct voltage within 30 min. Insets show confocal images of living hydrogel before (upper) and after 
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(lower) disinfection. Bacteria were stained with Baclight Live/Dead kit containing SYTO9/PI. Scale bar, 

20 μm. n = 5 independent experiments. Control: mice with imiquimod (IMQ)–induced psoriasis, no 

treatment. ABLE: mice with IMQ-induced psoriasis, treated with active biointegrated living 

electronics. P values are determined by paired t test, two tailed. All data are presented as mean values ± SD. 

We fabricated a mesh electronics device with a spin-coated living interface for six-lead surface 

electrocardiogram (sECG) recording (Figure 2-6B). Upon attachment to the chest area of healthy mice, the 

ABLE stably recorded the six-lead ECG (I, II, III, aVL, aVR, and aVF) with an average SNR of 18.97 dB 

(Figure 2-6C). By contrast, the ABLE recorded a significantly lower SNR of 7.96 dB in mice with psoriasis 

symptoms (Figure 2-6D), mainly attributed to the thickening of the psoriasiform skin. Hence, alterations 

in recorded electrophysiological signals offer qualitative information in the detection of skin diseases. When 

the ABLE device was applied to psoriatic skin for 4 days, we found that the SNR of recorded ECG was 

largely enhanced (day 0 versus day 4 recording) (Figure 2-7). This correlated with the visible improvements 

in psoriasisform features upon application of ABLE (Figure 2-6G). This improvement suggests that the 

living components within the ABLE system play an important role in mitigating the symptoms of psoriasis 

in mouse skin. These results demonstrate how the ABLE system may be used to record electrophysiological 

signals while concurrently providing biogenic cues through living components to regulate inflammatory 

skin diseases. 
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Figure 2-7. The 6-lead ECG signals acquired from each individual channel. It demonstrates a 

significant enhancement in signal-to-noise ratio (SNR) following a 4-day ABLE treatment period. P values 

are determined by paired t-test, two tailed. Data are presented as mean values ± SD. n=6 for each group. 

 

To investigate the potential of ABLE in real-time monitoring and therapy and active circuit control, 

we created a battery-free, wireless flexible printed circuit board (FPCB). The FPCB-based ABLE can 

achieve comprehensive interplay between the three components (i.e., hydrogel, bacteria, electronics) 

(Figure 2-1B and Figure 2-6E). It is capable of (i) wireless energy harvesting and data transfer; (ii) real-

time disease progress monitoring through skin impedance, humidity, and temperature sensing; and (iii) on-

demand bacterial disinfection (Figure 2-6F). The acquired sensing data can be wirelessly transferred and 

remotely analyzed to monitor disease recovery progress and provide information for bacterial modulation.34 

Using the FPCB-based ABLE device, we could track the decrease in skin impedance upon alleviation of 

psoraisisform features during four days of treatment (Figure 2-6H). 

2.2.3 Electrical interactions between bioelectronics and living hydrogel 

Although application of living hydrogel in bioelectronics interfaces improved bioactivity for 

disease management, it presents practical challenges.26 One major concern is that the S. epidermidis can 
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proliferate and colonize on skin, leading to infections and the development of virulence factors (34). Further, 

households are not equipped with proper biohazard containers to safely discard bacteria-laden materials. 

Thus, our FPCB included two modulation electrodes with triggers for delivering electrical current in 

terminal disinfection (Figure 2-1B). To maximize disinfection efficiency, we added a thin Au film to the 

back of the FPCB, which promotes reactive oxygen species generation in the hydrogels-electronics 

interface (Figure 2-8).  

 

Figure 2-8. DCFDA/H2DCFDA staining of living material shows intracellular ROS level increase 

upon electrical field (EF) stimulation. Gelatin-encapsulated S.epidermidis treated for 3.5V, 10 min shows 

about 4x higher intracellular ROS fluorescence intensity compared to unstimulated control, when 

normalized with % viability from LIVE/DEAD assay. Data are presented as mean values ± SD. n=3 for 

each group. 

 

Using bioelectronics for disinfection management, we can apply opportunistic pathogens (e.g., 

commensal bacteria) to the skin and minimize their potential long-term influences on skin health (Figure 

2-9). Notably, ABLE is a general platform accommodating various bacterial species by providing both a 

supporting matrix and disinfection approaches (Figure 2-10).  Moreover, upon treatment completion, two 

disinfection electrodes positioned in the ABLE deliver direct current to the living hydrogel interface for 30 

min of disinfection (Figure 2-6I and Figure 2-11). This process effectively disinfects the bacteria present 

https://www.science.org/doi/full/10.1126/science.adl1102#core-collateral-R34
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within the living interface, as supported by the confocal microscope imaging (Figure 2-6I) This feature 

substantially reduces the biohazard risk associated with the living hydrogel. 

 

Figure 2-9. The electrically disinfected samples with S. epidermidis displayed neither proliferation 

nor any increase in viability after 96 hours. After 96 hours of growth at room temperature, disinfected 

bacteria showed low viability, which indicates that the bacteria were thoroughly deactivated. Bacteria are 

stained with SYTO9 (green)/PI (red). Data are presented as mean values ± SD. n=3 for each group. 

 

 

Figure 2-10. Different bacterial species can be incorporated into the ABLE design. (Left) Skin 

bacterial species, including Staphylococcus capitis and Staphylococcus saprophyticus, along with an 
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engineered bacterial strain such as Escherichia coli DH5α, demonstrate high viability within the hydrogel 

after 96 hours. (Right) Additionally, all these bacteria can be electrochemically disinfected through the 

ABLE control system using 3.5 V for 30 minutes. Data are presented as mean values ± SD. (n=3). 

 

Figure 2-11. A higher voltage output demonstrates a faster disinfection efficiency for living 

bioelectronics. The disinfection time is set for 10 minutes. Data are presented as mean values ± SD. (n=3). 

 

2.2.4 Mechanistic investigations of ABLE-based therapy 

We studied how ABLE modulates the cellular environment in inflammatory skin conditions 

through biogenic cues (Figure 2-1B). Although the role of S. epidermidis in mediating skin homeostasis is 

widely known,28,35 there is minimal literature on its therapeutic effects in psoriasis, let alone translation to 

clinic. Hematoxylin and eosin (H&E) staining showed significant reduction of epidermal thickening 

(hyperplasia), parakeratosis and cutaneous inflammation in skin lesions following ABLE treatment (Figure 

2-12A). The hydrogel matrix alone in combination with the bioelectronics device (i.e., vehicle without 

bacterial component) showed limited therapeutic effect on psoriasis (Figure 2-13). 



30 
 

Figure 2-12. ABLE for studying living biointerface-tissue interaction in disease treatment. A. 

Representative images of H&E staining show substantially reduced pathological damage in psoriatic skin 

lesions of ABLE-treated mice. Scale bar, 50 μm. Histological score analysis shows a lower level of 

histological inflammation and tissue damage. n = 5 independent animals. B. Representative dual-

immunohistochemical images of cytokeratin 14 and F4/80 staining indicate significantly decreased 

percentages of dendritic cells and macrophages in psoriatic skin lesions of ABLE-treated mice. Scale bar, 

50 μm. n = 10 independent samples. C. Representative immunofluorescent images of CD31 staining 

indicate significantly decreased blood vessel formation in skin lesions of ABLE-treated mice. False positive 

signals in the ABLE image are due to unspecified staining in the stratum corneum. Scale bar, 50 μm. n = 

10 independent samples. D. Cytokine analysis of the skin lesion indicates significant down regulation of 

IFN-γ and IL-17, which play an important role in inflammatory cell recruitment and regulate keratinocyte 

hyperplasia. n = 8 independent samples. E. LEfSe taxa analysis indicates altered bacterial diversity 

following ABLE treatment. F. S. epidermidis is barely detected on skin during ABLE treatment. Relative 
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abundance of S. aureus is reduced after ABLE treatment. n ≥ 3 independent animals. G. Heatmap shows 

expression profile of psoriasis-related genes. 

 

 

Figure 2-13. Hydrogel as the vehicle interface has limited therapeutic effect in treating psoriasis. 

Bioelectronics with non-living hydrogel matrix does not reduce the skin psoriasiform symptoms as 

indicated by psoriasis severity index (PSI). Besides, the symptoms regarding splenomegaly and 

psoriasiform hyperplasia still exist. Scale bar, 100 µm. P values are determined by t-test, twotailed. Data 

are presented as mean values ± SD. Images are representative of n = 5 different mice 

 

 Immunohistochemistry analysis (IHC) of cytokeratin 14 and F4/80 demonstrated a notable 

decrease in macrophages activities after ABLE treatment (Figure 2-12B). CD31 immunofluorescence and 

IHC staining both revealed fewer dilated blood vessels in ABLE-treated samples after 4 days compared to 

controls (mice with IMQ-induced psoriasis, no treatment) (Figure 2-12C). Cytokine profiling analysis 

showed reduced levels of inflammatory cytokines, with notable reductions in interleukin-17 (IL-17), 

interferon-γ (IFN-γ), tumor necrosis factor–α (TNF-α), and IL-1, which play a crucial role in promoting 

recruitment of inflammatory cells to psoriatic plaque lesions, regulating keratinocyte proliferation, and 
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disease development (Figure 2-12D). These findings collectively highlight the potential of living 

bioelectronics in modulating the inflammatory microenvironment and key aspects of psoriasis pathogenesis, 

including immune dysregulation, cellular proliferation, neovascularization, and cytokine-mediated 

inflammation. 

To gain further insight into ABLE modulation of skin microbiota, we conducted 16S ribosomal 

RNA gene sequencing analysis of the treated skin samples. Linear discriminant analysis effect size (LEfSe) 

results indicated that ABLE effectively modulated the skin microbiota, inducing a transition from a psoriatic 

state to a healthier state (Figure 2-12E). A principal coordinates analysis plot of beta diversity showed that 

skin microbiota profiles in ABLE-treated mice were distinct from those in the control group but quite close 

to those in healthy mice (Figure 2-14). At the species level, we observed a low abundance of S. 

epidermidis on the skin (Figure 2-12F), indicating low S. epidermidis–related safety concern under the 

bioelectronics control. Furthermore, the abundance of S. aureus, a species known to be associated with 

psoriasis progression,36 was also significantly reduced (Figure 2-12F). Altogether, changes in bacterial 

abundance can probably be attributed to the mutual interactions between different bacterial species and S. 

epidermidis.37  
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Figure 2-14. 16S rRNA sequencing result indicates that the ABLE could modulate the skin microbiota 

towards healthy conditions (a)Taxa composition plots illustrate the skin microbial compositions at 

different taxonomy levels from phylum to class. (b) Principal Coordinates Analysis (PCoA) plot of beta 

diversity revealed that ABLE-treated mice had distinct skin microbiota profiles from control group, but 

quite similar to healthy mice. 

 

We sought to investigate the molecular mechanisms underlying ABLE-based regulation of the 

immune system and skin microbiota. Previous research has reported the inverse relationship between S. 

epidermidis and S. aureus, wherein S. epidermidis activates the host innate and adaptive immune system 

against S. aureus by the toll-like receptor 2 (TLR2) on dendritic cells.28 This knowledge prompted us to 

explore the therapeutic effect of ABLE in the TLR2-knockout (KO) mouse strain B6.129-Tlr2tm1Kir/J. We 

found that ABLE treatment in TLR2-KO mice did not result in the same therapeutic effects observed for 

wild-type mice (Figure 2-15). 
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Figure 2-15. ABLE treatment didn’t show therapeutic effects on psoriatic skin of TLR2 knockout 

(TLR2 KO) mice. (Left) schematic of the experimental design. (Middle) on Day 4 post ABLE treatment 

(ABLE), the psoriatic skin looks similar to the untreated control group (Control), in terms of the severity 

of psoriatic symptoms. This indicates no obvious therapeutic effects by ABLE. (Right) PSI score indicates 

that ABLE treatment didn’t significantly alleviate psoriatic symptoms on Day 4. Scale bar, 5 mm. P values 

are determined by t-test, two-tailed. Data are presented as mean values ± SD. n=5 for each group. 

Furthermore, we investigated the contribution of TLR2 ligands produced by S. epidermidis to the 

anti-psoriasis effect of ABLE system (Figure 2-16). In vitro cellular cytokine analysis indicates that 

lipoteichoic acid (LTA) derived from S. epidermidis can down-regulate the expression of psoriasis-related 

cytokines and chemokines in plasmacytoid dendritic cells and epidermal cells (Figure 2-17). These pieces 

of evidence suggest that LTA might act as one of the TLR2 ligands mediating ABLE’s immunoregulation 

function.  

 

Figure 2-16. Bacterial debris and fragments are released from the living hydrogels. All samples were 

collected from the supernatant solution in contact with the ABLE device which was filtered with 0.22 µm 
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syringe filter to remove bacterial cells before measurement and imaging. (a) The FM1-43 membrane probe 

shows increased fluorescence over time, indicating the release of nonviable bacterial remnants from the 

living hydrogels. (b) Confocal microscope images reveal the presence of lipoteichoic acid (LTA; green), a 

bioactive compound potentially related to the therapeutic effect, in the supernatant. Scale bar, 5 µm. (c) 

dSTORM imaging provides a superresolution image of LTA-labelled bacteria debris. Scale bar, 100 nm. 

Data are presented as mean values ± SD. (n=3). 

 

 

Figure 2-17. Lipoteichoic acid (LTA) and peptidoglycan (PGN) from S. epidermidis show the 

capabilities to downregulate the psoriasis-related cytokines in plasmacytoid dendritic cells. P values 

are determined by t-test, two-tailed. Data are presented as mean values ± SD. n=3 for each group. 
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2.3 Discussion and outlook 

We validated how LMs can be integrated in bioelectronics as a soft and bioactive interfacial 

material for treating complex autoimmune disease. We delved into the synergy that can arise through such 

integration, spanning biogenic, bioelectrical and biomechanical domains. Importantly, we demonstrated 

that bioelectronics can actively regulate LMs through application of DC current, controlling bacterial 

viability and bioactivity. Part 3 of this thesis delves deeper into the active interaction between the electronic 

and living components in the context of infection control.   

2.4. Experimental 

2.4.1 Synthesis of hydrogel composite  

A starch gelatin hydrogel was prepared by mixing tapioca starch (15 wt%), gelatin (10 wt%), and deionized 

water or tryptic soy broth (TSB) medium (cat. no. 22092). The mixture was then heated in an oil bath at 

80°C for 30 minutes to facilitate the gelatinization of starch. Subsequently, the hydrogel was transferred to 

a 4°C refrigerator for gelation. To create a living hydrogel, Staphylococcus epidermidis (S. epidermidis; 

strain NIHLM087, kindly provided by Dr. Julia Segre at NIH, NCBI taxonomy ID: NCBI:txid979201) was 

cultured in TSB medium at 37°C until the optical density at 600 nm (OD600) reached a range of 2.80 to 

3.00. Then, 1ml of cultured bacteria solution was aseptically added and vigorously mixed with the starch-

gelatin hydrogel at 42 °C water bath. Identical protocol was used for synthesis of living hydrogel containing 

Staphylococcus capitis (ATCC #35661), Staphylococcus saprophyticus (ATCC #15305) or Escherichia coli 

DH5α (Thermo Fisher Scientific #18265017). For the synthesis of granular starch-gelatin hydrogel, gelatin 

and TSB medium were mixed and heated at 80°C for 30 minutes. After cooling the mixture in a 42°C water 

bath, tapioca starch was aseptically added. To synthesize polyacrylamide hydrogel, AA (3.5 wt%), APS (0.1 

wt%) and MBAA (0.01 wt%) were mixed vigorously in deionized water. After 30 minutes, the accelerator 

TEMED (0.02 wt%) was added into the mixture and quickly mixed before pouring into acrylic molds for 

subsequent polymerization at room temperature. 
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2.4.2. Confocal laser scanning microscopy  

Staphylococcus epidermidis was subjected to staining using the LIVE/DEAD BacLight Bacterial Viability 

Kit (Molecular Probes), following the guidelines provided by the manufacturer. The stained samples were 

then visualized using a Stellaris8 falcon WLL confocal microscope, equipped with a 63x objective. In the 

microscope images, live cells exhibited a green fluorescence (SYTO9), while dead cells appeared red (PI). 

To determine the percentage of viability, individual cells or colonies were threshold and counted using 

ImageJ software. For the reconstruction of Zstack images, Imaris from Oxford Instruments was employed. 

To visualize the process of starch gelatinization, the reducing ends of tapioca starch were marked with 8-

amino-1,3,6- pyrenetrisulfonic acid (APTS). The hydrogel was soaked in an APTS solution (20mM, mixed 

in 15% acetic acid), followed by the addition of 500mM sodium cyanoborohydride. This blend was 

incubated at 25°C for 15 hours, then rinsed five times with deionized water to remove any unattached dye. 

It was later suspended in 50% glycerol to deter water evaporation. Visualization was done using a Stellaris8 

Falcon WLL confocal microscope with a 100x objective lens. The excitation was set at 488nm with a 

detection range of 500 to 580 nm. To visualize bacterial distribution within the hydrogel matrix, the APTS-

marked hydrogel was heated to 42°C, and Staphylococcus epidermidis, stained with FM1-43 (5μM), was 

introduced. Post-solidification, image was captured on two separate channels. Acquired images were 

processed using ImageJ software and then reconstructed using Imaris by Oxford Instruments. 

2.4.3 Polymer screening  

To conduct the polymer biocompatibility test, a mixture was prepared by combining 3 ml of TSB containing 

Staphylococcus epidermidis with an OD600 of 0.25-0.30 and 1% w/v of polymers as outlined in Table S1. 

Tragacanth and glucomannan (0.5%) was used at lower w/v percentages as the polymer formed gel which 

could not be pipetted at 1%. The resulting polymer-bacteria suspension was then placed inside an orbital 

shaker and incubated at 37°C, shaking at a speed of 200 rpm for a duration of 3 hours. Before and after the 

incubation period, 100 μl of the suspension was sampled and mixed in a 1:1 ratio with the BacTiter-Glo™ 

Microbial Cell Viability Assay kit (Promega). The luminescence emitted by the samples was measured 
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using a Synergy Neo HTS Plate Reader. The fold change in viability was determined by dividing the 

luminescence reading obtained after 3 hours of incubation by the luminescence reading obtained at 0 hour 

and further normalized by the control group without any polymers. 

Table 2.1. List of chemicals used for compatibility test with S. epidermidis 

 

2.4.4. Long-term viability test  

To monitor the long-term viability of S. epidermidis, S. capitis, S. saprophyticus, and E.coli DH5α within 

the hydrogel phase, samples of starch gelatin hydrogel (granular and gelatinized) were collected at 0 hour, 

24 hours, and 96 hours. These samples were placed in glass vials and weighed. To dissolve the sampled 

hydrogel, 10 ml of PBS was added, and the vials were incubated at 42°C for 10 minutes. The resulting 

solution, containing the released bacteria, was mixed with the BacTiter-Glo™ Microbial Cell Viability 

Assay kit (Promega #G8230) in a 1:1 ratio. The luminescence emitted by the samples was recorded using 
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a Synergy Neo HTS Plate Reader. To obtain normalized viability measurements, the raw luminescence 

values were divided by the sampled mass of the hydrogel and further normalized by the viability 

measurement obtained at 0 hour, serving as the reference point. 

2.4.5. Long-term storage of the living hydrogel 

 For freeze-drying storage, an Eppendorf tube filled with a starch-gelatin hydrogel with live S. epidermidis 

was frozen in a dry ice/ethanol bath for 20 minutes. It was then subjected to freezedrying in a FreeZone 4.5 

Liter Benchtop Freeze Dryer at -43°C for a day, and later stored in a freezer set at -80°C. After 30 days, the 

dried hydrogel was rehydrated with 10ml of deionized water, left at room temperature for two hours, and a 

sample was taken for viability measurements. This rehydrated mixture was allowed to sit at room 

temperature overnight for rejuvenation, and another sample was taken for viability measurements at 31 

days. To dissolve the sampled hydrogel, 10 ml of PBS was added, followed by heating at 42°C for 10 

minutes. The ensuing liquid, which contained the liberated bacteria, was combined at an equal ratio with 

the BacTiter-Glo™ Microbial Cell Viability Assay kit (Promega #G8230). Using a Synergy Neo HTS Plate 

Reader, the luminescence from the samples was measured. To obtain normalized viability measurements, 

the raw luminescence values were divided by the sampled mass of the hydrogel and further normalized by 

the viability measurement obtained at 0 hour, serving as the reference point. Identical protocol was followed 

for living hydrogel stored in 4°C, -20°C and -80°C, except that freeze-drying was not performed.  

2.4.6 Intracellular reactive oxygen species (ROS) assay  

A 2 mm thick living hydrogel was placed onto the patterned disinfection electrodes. Subsequently, electrical 

stimulation was applied to the living hydrogel at a condition of 3.5 V for a duration of 10 minutes. Following 

the electrical stimulation, the samples were liquefied and then diluted 10- fold with phosphate-buffered 

saline (PBS) to ensure the complete release of bacterial cells. The released cells were washed once with 

PBS and resuspended in a staining solution obtained from the DCFDA/H2DCFDA - Cellular ROS Assay 

Kit (ab113851). The intracellular ROS level was measured using a Synergy Neo HTS Plate Reader. To 
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standardize the raw fluorescence intensity, it was divided by the percentage viability determined using the 

LIVE/DEAD BacLight Bacterial Viability Kit.  

2.4.7. Scanning electron microscope  

A scanning electron microscope (SEM; Carl Zeiss, Merlin) was used to image the morphology of multiple 

samples, including S. epidermidis-encapsulated living hydrogels, porcine skin attached to living hydrogels 

and Au/PI film. Samples were fixed in 3% glutaraldehyde, followed by washing in DI water and 

dehydration with an increasing ethanol gradient. Samples were dried in a critical point dryer (Leica EM 

CPD300) and 8nm Pt/Pd coating was applied before imaging with the SEM at 10kV. 

2.4.8. Living hydrogel disinfection demonstration  

The living hydrogel with S. epidermidis was first put onto disinfection electrodes and then the electrical 

potential was applied for the desired duration. Subsequently, a sample of the treated hydrogel was collected 

and measured inside a glass vial. The sampled hydrogel was dissolved by adding 10 ml of PBS and 

incubating the mixture at 42°C for 15 minutes. The resulting solution, containing the released bacteria, was 

combined with the BacTiter-Glo™ Microbial Cell Viability Assay kit (Promega #G8230) in a 1:1 ratio. 

Luminescence was measured using a Synergy Neo HTS Plate Reader. Concurrently, a control group sample 

was run in parallel, following an identical procedure, except without electric stimulation. The raw 

luminescence data obtained was normalized by the sampled mass, and the differences between the control 

and treated groups were calculated to determine the normalized viability. Identical protocol was used for 

disinfection of living hydrogel containing S. capitis, S. saprophyticus, or E. coli DH5α. For demonstrating 

thoroughness of disinfection, living hydrogel containing S. epidermidis was disinfected at 3.5V for 30 min. 

The disinfected and untreated control samples were drop casted on separate glass bottom dishes and left at 

room temperature. At 0 hours and 96 hours, the samples in the glass bottom dishes were treated with 

SYTO9/PI and imaged on Leica Stellaris8 Falcon WLL confocal microscope with a 63x objective lens. 

Percentage viability in stained area was quantified using ImageJ. For disinfection of bacteria in liquid 
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culture, overnight-cultured S. epidermidis was diluted in a 1:10 ratio in TSB medium. 400 μl of the diluted 

bacterial solution was drop casted the disinfection electrode contained by a PDMS mold and the electrical 

potential was applied for the desired duration. The resulting suspension was mixed with BacTiter-Glo™ 

Microbial Cell Viability Assay kit (Promega #G8230) in 1:1 ratio and the viability were quantified identical 

to the disinfection of living hydrogel.  

2.4.9. Bacterial motility test  

To prepare the solution phase sample, SYTO9-stained S. epidermidis was resuspended in fresh TSB 

medium (OD600=1.0). For the gel phase sample, SYTO9-stained S. epidermidis was enclosed within a 

starch-gelatin hydrogel. A volume of 10 µl from either the liquid suspension or the starchgelatin hydrogel 

was then added to a 50 mm glass-bottom dish and covered with a glass coverslip. To facilitate imaging, the 

glass-bottom dish was placed on an INUB-ONICS TOKAI HIT Standard Heating Stage Top Incubator 

(UNIV-D56) set to a temperature of 25°C. Using a Nikon Ti2 microscope with 488 nm excitation, a video 

of S. epidermidis was recorded. Subsequently, the video was analyzed using the TrackMate plugin in ImageJ. 

The average speed of individual cells was calculated by dividing the total displacement by the tracking time. 

2.4.10. Quantification & characterization of released components  

For quantification of released bacteria, 10 ml of PBS was added to the starch-gelatin hydrogel contained in 

a glass vial. During incubation at room temperature, aliquots of PBS were collected at 0, 1, 3, 5, and 6 hours. 

After 6 hours, the vials were heated to 42°C for 10 minutes to completely release bacteria into the PBS 

solution. The samples were mixed with the BacTiter-Glo™ Microbial Cell Viability Assay kit (Promega, 

G8230) in a 1:1 ratio, and luminescence was measured using a Synergy Neo HTS Plate Reader. The 

percentage of released bacteria was quantified by comparing the luminescence of the PBS aliquots with 

that of the totally released fractions. For the quantification of released bacterial debris and fragments, the 

living hydrogel was synthesized as described earlier, except that Tris-buffered LB was used instead of TSB. 

5 ml of Tris-buffered LB was added on top of the starch-gelatin hydrogel, and aliquots were collected at 0 
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hour, 24 hours, and 48 hours at room temperature. Aliquots were centrifuged for 5 min at 5000 rpm and 

filtered with a 0.22 µm syringe filter to remove impurities. The solution was plated on tryptic soy broth 

agar to confirm the absence of viable bacteria. The resulting solution containing released bacterial 

fragments was stained with 5 µM FM1-43 (Invitrogen, T3163). The fluorescence was measured with a 

Synergy Neo HTS Plate Reader.  

2.4.11. Visualizing lipoteichoic acid (LTA) in released debris  

To visualize lipoteichoic acid (LTA), the solution containing the released bacterial debris was drop-cast 

onto a poly-L-lysine-coated glass bottom dish and left to attach overnight at room temperature. After 

attachment, the glass bottom dish was washed three times with PBS, and the attached cell fragments were 

fixed with 4% (v/v) formaldehyde for 15 minutes. Following fixation, any unreacted aldehyde groups were 

neutralized with 0.2% NaBH4, followed by additional washing with PBS. The LTA antibody mAB 55 

(#HM2048, Hycult Biotech) was diluted 1:100 in a blocking buffer (3% BSA in PBS) and applied to the 

glass bottom dish. After incubating for 1 hour at room temperature, the buffer was removed, and the dish 

was washed three times with PBS. The samples were then stained with Goat anti-Mouse IgG (H+L) 

Secondary Antibody - Alexa Fluor™ 488 (Invitrogen, A-11001) at a 1:100 dilution for 1 hour at room 

temperature. For confocal microscopy imaging, the washed samples were submerged in PBS and imaged 

using a Stellaris8 Falcon WLL confocal microscope with a 100x objective lens. A negative control sample, 

subjected to the same staining procedure but with PBS replacing the bacterial debris solution, showed no 

signal under identical imaging conditions. For dSTORM imaging, the washed samples were initially 

submerged in STORM buffer, comprising 100 mM cysteamine, 5% glucose (w/v), 0.5 mg/ml glucose 

oxidase, and 38 µg/ml catalase in PBS. Imaging was conducted using an ONI Nanoimager with 140mw 

laser power (488 nm). Localization filters from the Nanoimager software were applied to visualize the 

reconstructed images. 
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2.4.12. Electrical analysis  

For electrical characterization of starch-gelatin hydrogel, two Pt wire electrodes (Sigma-Aldrich, 

BASMW1032) were inserted into starch-gelatin hydrogel contained in a glass vial. Potentiostatic 

electrochemical impedance spectroscopy (PEIS) and cyclic voltammetry (CV) measurements were 

conducted using the electrochemical workstation (Biologic SP-200). The impedance measurement spanned 

a frequency range of 100 kHz to 1 Hz, utilizing a sinusoidal amplitude of 20 mV. Cyclic voltammetry was 

performed at the scan rate of 100 mV/s.  

2.4.13. Mechanical analysis  

A rotational ARES rheometer (TA Instruments) equipped with parallel plates was employed to evaluate the 

viscoelastic properties of the living hydrogel. To preserve the hydration of the hydrogel, the samples were 

surrounded with water throughout the experiments. Prior to each measurement, a slight contact force was 

applied to ensure proper contact between the plates and samples. The samples were allowed to soak for 100 

seconds, enabling relaxation and rebalancing within the surrounding environment. The shear modulus was 

determined by subjecting the samples to an oscillatory shear strain of 1% at a frequency of 1Hz, unless 

stated otherwise. To explore the effects of humidity and temperature on the mechanical properties of living 

hydrogels, a Discovery HR-30 shear rheometer (TA Instruments) equipped with a relative humidity 

accessory was used, following the same procedure. The adhesion strength was tested using the standard 

tensile test (ASTM F2258) at the Zwick-Roell ZwickiLine Z0.5. All tests were conducted at a constant 

tensile speed of 50 mm/min. Fourier-Transform Infrared Spectroscopy (FTIR) To investigate the molecular 

interaction between starch and gelatin macromolecules, the different hydrogel samples with D2O (Sigma 

Aldrich) was measured by the Shimadzu IRTracer-100 Fourier transform infrared spectrophotometer 

2.4.14. Fabrication of the flexible printed circuit board  

Custom-designed flexible printed circuit boards were manufactured by commercial vendors, such as 

PCBWay, in compliance with the ISO 9001 certificate. The electronic components integrated into the circuit 
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boards included passive elements like capacitors, resistors, and diodes. Additionally, the boards had a 

temperature and humidity sensor (Sensirion, model no. SHT40-AD1F-R2 or SHT45-AD1F-R2), an ISO 

15693 sensor transponder with a programmable low-power microcontroller (Texas Instruments, model no. 

RF430FRL152H), a crystal oscillator (Epson Timing, model no. SG-3030LC 32.7680KB6:PURE SN), and 

two operational amplifiers (STMicroelectronics, model no. TSV620AILT). All circuit components were 

soldered using leadfree no-clean solder (Chip Quik Inc., model no. Sn96.5Ag3Cu0.5 (96.5/3/0.5), melting 

point range of 217~220 °C)) through hot-air blowing. To optimize bacterial electrical modulation efficiency, 

two stimulation electrodes were patterned with 100 nm Au metal layers for bacterial disinfection electrode 

geometry or bacteria stimulation electrode geometry using an electron-beam evaporator (EvoVac, Angstrom 

Engineering). To prevent chronic electrochemical corrosion of the electrodes, silver/silver chloride 

(Ag/AgCl) conducting paste (Nagase ChemteX, model no. CI-4040) was applied and printed onto electrode 

area, followed by curing on a hot plate at 70 °C for 30 minutes. The original electrode area was subsequently 

encapsulated with an elastomeric polyurethane coating (Smooth-On, model no. Clear Flex 50) and cured at 

70 °C for 30 minutes. The living hydrogel interface was positioned between the two disinfection electrodes, 

while the non-living hydrogel interface was placed separately on the two sensing electrodes. For the 

sterilization procedure, once users have finished using the ABLE device, or in any emergency, they can 

activate the disinfection electrode by closing its trigger. A complete disinfection typically requires 30 

minutes. Extending this waiting period slightly is recommended for optimal results. After the disinfection 

process, the user can dispose of the used living bioelectronics 

2.4.15. Fabrication of mesh electronics and hydrogel hybrid  

The initial cleaning of a P-type wet oxide silicon wafer (#HS39626-WO, NOVA Electronic Materials) was 

performed, which involves immersion in acetone and isopropyl alcohol (IPA) for 3 minutes each within an 

ultrasonic bath. Following this, hexamethyldisilazane (HDMS) is applied to the wafer as a treatment. A 

solution of poly (pyromellitic dianhydride-co-4,4′-oxydianiline) (Sigma Aldrich, 575801-1L) is then added 

to the treated wafer using a spin-coating method at a speed of 1500 rpm. To cure the applied solution, the 
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wafer is then heated in a resist oven at a temperature of 300 degrees Celsius for a span of 3 hours, after 

which it is allowed to cool down naturally to room temperature. The end result is a polyimide (PI) film of 

approximately 5 micrometers in thickness. The PI-coated wafer then undergoes another round of spin-

coating, this time with AZ nlof 2020, followed by an exposure process to develop patterns. The wafer is 

then subjected to an evaporation process with 5 nm Titanium and 200 nm Gold, which is followed by a lift-

off in AZ NMP to get rid of the photoresist. Subsequently, the wafer is patterned with AZ 40XT-11D, which 

serves as a protective mask against etching. The patterned PI layer is achieved via Reactive Ion Etching 

(RIE) in a Plasma-Therm Inductively Coupled Plasma (ICP) Fluoride Etch. Post-etching, the photoresist is 

removed by soaking in N-Methyl-2-pyrrolidone (NMP) within an 80-degree Celsius bath for 10 minutes. 

The encapsulation layer, composed of SU-8 3005 (MicroChem Corp), is patterned to cover the metal 

interconnects while leaving the sensing pads and bottom pads exposed to interface with cardiac tissues. 

Finally, to retrieve the mesh electrode, it can be detached using a water-soluble transfer tape. Alternatively, 

manual peeling is an option, provided it does not cause any damage to the devices. Hydrogel hybridization 

is made by attaching mesh electronics to the hydrogel-coated PDMS. The hydrogel layer is formed by spin-

coating hydrogel precursor solution with different revolutions per minute (rpm). After cooling down and 

trimming, the hydrogel-hybrid devices were carefully peeled off from the PDMS substrate. 

2.4.16. Fabrication of conventional bioelectronics  

The fabrication of microneedle bioelectronics involved assembling disposable hypodermic needles (22 G 

x 1 ½'', Air-Tite Products) in the same pattern as the flexible mesh electrodes. This process began with the 

patterning of acrylic plates using a laser cutter (VLS 4.60), creating an array of holes tailored for needle 

insertion. After inserting the needles into these holes, they were secured in place using epoxy glue (MG 

Chemicals). Subsequently, the needles were soldered to a 36-pin wire adapter (Intan Technologies) to 

complete the assembly. The fabrication of planar multichannel electrode arrays adopts a similar procedure 

to that of the flexible mesh designs, allowing for patterning on silicon wafers, glasses, and polyimides. This 
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procedure is similar to that of flexible mesh fabrication, except it does not involve polyimide substrate 

curing, reactive ion etching, or peel-of. 

2.4.17. Animals 

The care of animals, including mice and rats, adhered to federal, state, and local guidelines. All animal 

experiments were conducted in compliance with the regulations and were approved by the Institutional 

Animal Care and Use Committee (IACUC) at the University of Chicago. The animals including C57BL/6J 

mice (JAX #000664), B6.129-Tlr2tm1Kir/J (TLR2 KO) mice (JAX #004650), B6(Cg)-Tlr4tm1.2Karp/J 

(TLR4 KO) mice (JAX #029015), and Sprague Dawley rats were either obtained through mating or 

purchased from commercial vendors such as Jackson Lab (JAX) and Charles River. The animal room was 

maintained in an environment with humidity of 40-60 % and the temperature of 18-23 °C under a 12-h 

light/12-h dark cycle. The animals were allowed free access to food and water. All animal procedures were 

approved by the IACUC in protocols # 72378 (rat) and 72621 (mice). 

2.4.18. Rat in vivo electromyography (EMG) recording  

An adult rat ranging between 12 and 24 weeks and inclusive of both genders, was deeply anesthetized using 

2-4% isoflurane. Fur from the animal's hindquarters was removed using surgical clippers and depilatory 

cream. A midline incision was made in the skin, following which the fascial plane between the gluteus 

maximus and the anterior head of the biceps femoris was opened, thereby exposing the sciatic nerve. The 

nerve was gently drawn-out using sutures, and a flexible Ti-Au/Polyimide electrode (thickness 10 nm/200 

nm/5 μm) was coiled around the nerve bundle for the purpose of electrical stimulation. Then the hydrogel-

coated mesh electrode was adhered to the rat's leg to facilitate multi-channel EMG recordings in response 

to sciatic nerve stimulation. Electrical stimulation was performed using a 2 ms biphasic electrical current 

ranging from 100 to 800 µA, which elicited muscle movement. For the recording process, an Intantech 

RHD USB interface board and an RHD 16-channel bipolar-input recording headstage were employed. 
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Signals were recorded at a rate of 20 kS s-1 within the 100-1000 Hz bandwidth. All signal-to-noise ratio 

(SNR) in this paper is defined as:  

 

2.4.19. Psoriasis model  

Eight-week-old male C57BL/6J mice (JAX #000664), B6.129-Tlr2tm1Kir/J (TLR2 KO) mice (JAX 

#004650), and B6(Cg)-Tlr4tm1.2Karp/J (TLR4 KO) mice (JAX #029015) were housed in groups of five 

mice per cage and acclimatized for 3 days before inclusion in the investigation. To induce psoriasiform 

dermatitis, the mice were shaved and topically applied with 5% IMQ cream (Perrigo Pharmaceutical) for 7 

consecutive days unless otherwise noted. The IMQ induced mice were either treated with ABLE system, 

methotrexate, or the hydrogels containing lipoteichoic acid (LTA) or peptidoglycan (PGN) extracted from 

S. epidermidis, LTA inhibitor LtaS-IN-1 (Med Chem Express #HY-135813) treated S. epidermidis or 

Proteinase K (Sigma #3115836001) for 4 days. For the therapeutic experiments, living bioelectronics with 

or without living components were topically applied to mouse dorsal skin for skin sensing and therapy. 

Methotrexate was orally administered daily at a dose of 1 mg/ml in a 0.5% carboxymethyl cellulose (CMC) 

solution. Proteinase K was used at a concentration of 1 mg/ml. The quantity of lipoteichoic acid (LTA) and 

peptidoglycan (PGN) used is equivalent to their respective purification yields from the bacteria in living 

hydrogel systems. LtaS-IN-1 was co-cultured with bacteria at a concentration of 10 μmol/L overnight. 

Tegaderm (3 M™) or band-aid were then used to fix the position of bioelectronics. Dressing was changed 

every day. During the experiment, changes in skin psoriasiform information including erythema, induration, 

and desquamation were recorded daily. The mice were euthanized on the last day of the experiment and 

their skin and spleen were harvested for histological evaluation and other assays, such as cytokine profiling 

and flow cytometry analysis. The general psoriasis symptoms, including the redness, scaling, and thickness 

(induction) of murine skin, were evaluated to score the “Psoriasis severity index (PSI)”, which assesses the 

severity of the induced erythema, desquamation, and induration of the psoriasis. Each parameter was 
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measured on a scale of 0–4 (from none to the maximum damage). The sum of these four values was the 

value of the PSI index, with the maximum value of 12 

2.4.20. Lipid teichoic acid (LTA) extraction  

In a typical experiment, the S. epidermidis bacterial pellets from a 10 ml overnight culture were resuspended 

in 50 mL of 0.1 M sodium citrate buffer (pH 4.7) and sonicated for 30 minutes in an ice-cold bath. Then, 

the suspension was mixed with 50 mL of n-butyl alcohol and stirred for 2 hours using a magnetic stirrer. 

After phase separation by centrifugation, the LTA-containing aqueous phase was collected, dialyzed against 

pure water overnight, and then lyophilized. The crude extract was purified using octyl agarose gel CL-4B, 

which was pre-equilibrated with 15% n-propanol in 0.1 M ammonium acetate solution (pH 4.7), and then 

eluted with a linear gradient of 15–60% n-propanol in 0.1 M ammonium acetate buffer. The eluent 

containing LTA was dialyzed overnight and aliquoted into 10 tubes for further use. 

2.4.20. Peptidoglycan (PGN) extraction  

In a typical experiment, the S. epidermidis bacterial pellets from a 10 ml overnight culture were resuspended 

in 5 ml of 1 M sodium chloride and boiled at 100°C for 20 minutes. After centrifugation at 10,000 rpm for 

5 minutes, the pellets were washed with ddH2O and resuspended in 5 ml of ddH2O for incubation in a 

sonicated water bath for 30 minutes. Then, 2.5 ml of digestion solution I (15 μg/ml DNase and 60 μg/ml 

RNase in 0.1 M TRIS/HCl, pH 6.8) was added, followed by incubation at 37°C on a shaker for 60 minutes. 

Next, 500 µl of digestion solution II (50 μg/ml trypsin in ddH2O) was added, with incubation for an 

additional 60 minutes under the same conditions. The enzymes were inactivated by heating at 100°C for 3 

minutes, then the pellets were collected (5 min at 10,000 rpm). After washing with 2.5 ml of ddH2O, the 

pellets were resuspended in 2.5 ml of 1 M HCl and incubated for 4 hours at 37°C on a shaker. The samples 

were centrifuged and washed with ddH2O until the pH reached 5–6. Subsequently, the pellet was 

resuspended in 1.25 ml of digestion buffer (12.5 mM sodium dihydrogen phosphate, pH 5.5) to an OD578 

of 3.0, and 1/10 volume of mutanolysin solution (5,000 U/ml of mutanolysin in ddH2O) was added. The 
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mixture was incubated for 16 hours at 37°C with shaking at 150 rpm. Mutanolysin was inactivated by 

boiling for 3 minutes at 100°C, followed by centrifugation, and the supernatant containing peptidoglycan 

was aliquoted into 10 tubes for further use. 

2.4.21. Cells isolation and cytokine analysis  

Psoriatic mouse skin was harvested after euthanasia and incubated at room temperature in a Dispase 

solution (5 mg/ml in DMEM/F12 medium) for 2 hours. The epidermis was then physically separated from 

the dermis and cultured on polycarbonate cell culture inserts (pore size 0.4 μm) with complete DMEM 

medium (4.5 g/L glucose, 10% fetal bovine serum (FBS), 2 mM Lglutamine, 100 units/mL penicillin G, 

100 µg/mL streptomycin). Equally distribute 100 µL of the purified LTA or peptidoglycan solution on top 

of the isolated psoriatic epidermis and collect 0.5 mL culture medium in 24 hours for mouse cytokine 

profiling. The separated dermis was used for dendritic cell extraction. Briefly, the dermal tissues were 

digested in 1X triple enzyme digestion solution (0.1 g collagenase type IV (Sigma Cat. C5318), 2000 Units 

DNase Type IV (Sigma Cat. D5025), 10 mg Hyaluronidase Type V (Sigma Cat. H6254) in 100 mL HBSS 

without calcium or magnesium) at 37°C for 30 minutes to 1 hour. Filter through a 70 µm nylon mesh, spin 

down the dissociated cells and seed the resuspended cells in 5ml of density gradient medium Lymphoprep 

(StemCell Technologies Cat. 07801) to enrich mononuclear cell layers. The enriched fractions after being 

washed were used to extract plasmacytoid dendritic cell population with plasmacytoid dendritic cell 

enrichment kit (Miltenyi Biotec #130-107-093). Seed 105-6 of the extracted cells into 24-well plates with 

complete RPMI 1640 medium for culture. Add 50 µL of the purified LTA or peptidoglycan solution to the 

medium and collect 0.5 mL culture medium in 24 hours for mouse cytokine profiling. 

2.4.22. Histology, immunohistochemistry, and immunofluorescence  

For tissue histological analysis, Hematoxylin and eosin (H&E), and CD4, CD8, ki-67, CD31, CK14, F4/80 

histological tissue sections were prepared and stained by the Human Tissue Resource Center at the 

University of Chicago. Anti-mouse CD4 (Sysy-HistoSure, Cat#HS-360-117, Clone: 78H9D2, rat IgG2b, 
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kappa light chain, 1:200 dilution), anti-mouse CD8 (eBioscince Affymetrix, Cat#14-0808-82, rat 

monoclonal antibody, Clone: 4SM15, rat IgG2a, kappa light chain, 1:800 dilution), anti-CD31 (abcam, 

Cat#ab28364, lot#GR3247742-25, Rabbit antibody, 1:450 dilution) for IF staining, anti-Ki67 

(ThermoScientific, Cat#RM-9106-s, Clone: SP6, Rabbit monoclonal antibody, 1:400 dilution), and anti-

mouse F4/80 antibody (AbD Serotec, Cat#MCA497GA, 1:200 dilution) were used for IHC staining. Anti-

F4/80 (Biorad, #MCA497, rat IgG2b, 1:400 diliution) /Cytokeratin 14 (ProteinTech Group, #10143-1-AP, 

rabbit polyclonal antibody, 1:200 dilution) were used for dual IHC staining. All the tissue histological 

results were analyzed by the CaseViewer software (3DHISTECH) and QuPath (0.4.0). The histological 

damage, including hyperplasia, parakeratosis, neutrophil infiltration, loss of granular layer, dilated 

capillaries, dermal inflammation on a scale of 0–4 (from none to the maximum damage, was scored based 

on the H&E-stained skin tissue sections. The sum of all above values was the value of the histological 

damage score. The thickness of the epidermal layer and the counting of IHC positive cells were analyzed 

through ImageJ 

2.4.23. Murine in-vivo 6- lead electrocardiogram (ECG) recording  

The procedure was carried out on an adult mouse, including both healthy individuals and those exhibiting 

psoriasis on the chest. The subjects were deeply anesthetized using 2-4% isoflurane. A 6-lead living 

hydrogel-hybrid mesh electrode was adhered to a specific area covering the mouse's chest, strategically 

aligned to conform to the standard positions for frontal plane ECG leads (I, II, III, aVR, aVL, and aVF). 

The recording procedure employed an Intantech RHD USB interface board and an RHD 16- channel 

bipolar-input recording headstage. Signals were recorded at a rate of 20 kS s-1 , within the bandwidth range 

of 0.6 - 100 Hz. 

2.4.24. Cytokine analysis  

The Mouse Cytokine Array, Panel A (R&D Systems #ARY006) utilizes capture antibodies spotted onto a 

nitrocellulose membrane to allow high-throughput multi-analyte profiling of 40 cytokines, chemokines, and 
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more in a single sample. For cytokine assays, fresh skin psoriatic skin tissues were harvested and 

homogenized in cold RIPA buffer. Subsequently, 200 µg of lysate was used for each array by following the 

manufacturers’ instructions. Array images were collected and analyzed using the Bio-rad Gel Doc XR+ 

Imaging System. 

2.4.25. Flow cytometry  

Psoriatic skin tissues were harvested after euthanasia and trimmed into small pieces of the similar weight 

for digestion in 1X triple enzyme digestion solution (0.1 g collagenase type IV (Sigma Cat. C5318), 2000 

Units DNase Type IV (Sigma Cat. D5025), 10 mg Hyaluronidase Type V (Sigma Cat. H6254) in 100 mL 

HBSS without calcium or magnesium) at 37°C for 30 minutes to 1 hour. The mixture was filtered through 

a 70 µm nylon mesh, the dissociated cells were spun down, and the resuspended cells were seeded in a 

density gradient medium, Lymphoprep (StemCell Technologies Cat. 07801), to enrich mononuclear cell 

layers. The enriched fractions, after being washed, were co-stained with MitoView 405 (Biotium #70070, 

100 nM) for living cell labeling and the antibody anti-mouse CD4-PE-vio615 (Miltenyi Biotec Cat. 130-

118-455, 1:50 dilution). The stained samples were analyzed on the BD LSR Fortessa 4-15 benchtop 

analyzer at the UChicago flow cytometry core for immune cell population analysis. The output data were 

generated using NovoExpress software at the UChicago flow cytometry core. 

2.4.26. Microbiome analysis  

Three groups of mice (C57BL/6) were prepared for skin microbiome analysis: 1) The first group (Healthy) 

was healthy mice; 2) The second group (Control) was the mice with IMQ-induced psoriasis; 3) The third 

group was the mice with IMQ-induced psoriasis and treated with living bioelectronics for 4 days. Skin 

tissue samples from three different groups were collected and analyzed by the ZymoBIOMICS® Targeted 

16S Sequencing Service (Zymo Research, Irvine, CA). DADA2 was used to infer unique amplicon 

sequence variants from raw reads.38 Chimeric sequences and potential sequencing errors were removed 

using the DADA2 pipeline. We used Uclust from Qiime version 1.9.1, a 16S database designed and curated 
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as a reference, for taxonomy assignment. Linear discriminant analysis Effect Size (LEfSe) was used to 

identify taxonomies with significant abundance among different groups.39 PCoA plots were performed 

using internal scripts. Quantitative real-time PCR was used to quantify the absolute abundance and the 

results were displayed as the number of gene copies. 

2.4.27. Quantitative RT-PCR  

SYBR Green real-time PCR was used to detect if the following bacterial strains existed in the posttreatment 

hydrogel: S. epidermidis, Staphylococcus aureus, Delftia acidovorans, Microbacterium aerolatum, 

Rhodococcus erythropolis. These strains were chosen because they were detected in the 16S rRNA 

sequencing results of the psoriatic skin samples in this study. The total RNA molecules in the hydrogel (pre- 

and post-treatment) were extracted using the Qiagen RNeasy Mini Kit (Cat. No. 74104). Quantitative RT-

PCR was conducted using Takara’s One-Step TB Green® PrimeScript™ RT-PCR Kit II (Perfect Real Time) 

(Cat. No. RR086A). Each reaction (20 µL) contained 200 ng of total RNA, 0.4 µM of primers, and 10 µL 

of 2x Master mix. Multiplex real-time PCR was performed on an ABI 7500 real-time PCR system (Applied 

Biosystems). A melting curve was added at the end of the PCR cycle to evaluate the specificity of the PCR 

amplification. The nucleotide sequences of 16S rRNAs of S. epidermidis (Se), Staphylococcus aureus (Sa), 

Delftia acidovorans (Da), Microbacterium aerolatum (Ma), Rhodococcus erythropolis (Re), were retrieved 

from the previous 16S rRNA sequencing results and used in the design of primer sequences, which were 

evaluated for specificity using the standard nucleotide comparison tool: BLASTN. Primer sequences: Se-

u: TGGCACGGCTGGTATTAGAG Se-d: GACAGGATGCGCGATACTTG Sa-u: 

CAAGCACAAGGCAGTGGTAT Sa-d: GTGGCGTTGCAATCTCCTTA Da-u: 

AAAGCCTGATCCAGCAATGC Da-d: GATTAACGCTCGCACCCTAC Re-u: 

CGTTTGTGAAAACCAGCAGC Re-d: CTTTCGTTCCTCAGCGTCAG Ma-u: 

TAGCAGGGAAGAAGCGAGAG Ma-d: GTTGAGCCTCGGGATTTCAC 
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2.4.28. Statistical Analysis  

The image data was processed and analyzed using ImageJ. GraphPad Prism 9.4.1 was employed for all 

statistical analyses. Unless stated otherwise, the error bars represent the standard deviation. For biological 

data analysis, multiple t-tests or one-way ANOVA were performed. A significance threshold of P < 0.05 

was used to determine statistical significance. In transcriptome analysis, the P value is the Wald test p-value 

and Padj is the Benjamini-Hochberg adjusted p-value. In the figure panels, the following symbols were 

used to indicate significance levels: "ns" for non-significant (P > 0.05), "*" for P < 0.05, "**" for P < 0.01, 

"***" for P < 0.001, and "****" for P < 0.0001. 
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Chapter 3. Bioelectronic drug-free control of opportunistic pathogens through 
selective excitability 
*Chapter 3 adopts figures and text from ref (1): Kim, S.; Eig, E.; Yue, J.; Yang, A.; Comerci, C. J.; Laune, M.; Yang, C.; Kamath, 
A.; Shi, J.; Li, P.; Cheng, Z.; Sun, C.; Guo, T.; Tian, V.; Süel, G. M.; Tian, B. Bioelectronic Drug-Free Control of Opportunistic 
Pathogens through Selective Excitability. Device 2024, 2 (11), 100596. 

 

3.1 Introduction 

3.1.1 Bioelectrical interface targeting mammalian system 

Leveraging the innsate electrical excitability of eukaryotic cells has enabled bioelectrical modes of 

tissue modulation, providing alternatives to drug-based therapies. Excellent examples are electroceuticals, 

therapeutic bioelectronic devices that stimulate the body’s naturally excitable circuits.2 Bioelectronic 

devices such as cardiac pacemakers,3,4 retinal prostheses,5,6 and nerves stimulators7 demonstrate how 

understanding and harnessing natural excitability in tissues can bring extensive health benefits. In these 

devices, well-known excitable cells such as neurons have been the main target of modulation.8,9 However, 

the recent discovery of innate electrical excitability in microbes suggests a potential for the bioelectrical 

control of commensal bacteria that are crucial to human health.10 To target bacteria inhabiting the human 

body, it would be preferable to use low-voltage stimulation to modulate bacterial physiology and pathology 

similarly to how electroceuticals are used in human medicine. 

3.1.2 Bioelectrical interface targeting microbial system 

There is a need to effectively control the bacteria residing on the human body, as many of them can 

become opportunistic pathogens under certain conditions.11 For example, Staphylococcus epidermidis, 

commonly found on healthy skin, typically promotes tissue homeostasis and aids in wound 

healing.12 However, factors such as compromised skin barrier, immunosuppression, and biofilm formation 

can shift its behavior toward pathogenicity.13,14 In the virulent state, S. epidermidis is a significant 

contributor to neonatal morbidity15 and is the second-leading cause of hospital infections due to the 

formation of antibiotic-resistant biofilm in clinical implants.16 Moreover, the severity of dermatological 
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disorders like atopic dermatitis17 and scalp seborrheic dermatitis (i.e., dandruff)18 is linked to an over-

proliferation of S. epidermidis on the skin. Effective management of opportunistic pathogens is a major 

challenge that, if overcome, could have far-reaching implications. 

Bioelectronic control of opportunistic pathogens may offer unique advantages over antibiotic 

treatments. Antibiotics carry widespread side effects, such as nausea, drug fever, and 

nephrotoxicity.19 Repeated exposure to antibiotics increases the risk factor for chronic inflammatory 

disorders20 and contributes to antimicrobial resistance, a global health threat.21,22 Recently, three strains 

of S. epidermidis that are pan-resistant to all classes of antibiotics have emerged,23 exposing the fragility of 

drug-based methods. Unlike drugs, bioelectrical treatments may allow for localized and targeted therapy, 

thereby minimizing systemic side effects.24 Bioelectronic methods may also be applied automatically with 

programmable stimulation parameters that can be optimized for individual patients to enable personalized 

medication.25,26  

Despite being a potential drug-free alternative, existing electrical treatment for bacteria is less 

developed compared to those acting on mammalian systems, as bacterial electrophysiology is still being 

elucidated. Conventional electrical treatment for bacteria has primarily focused on the electrostatic surface 

detachment of cells, high-voltage electroporation, and electrochemical biocide generation that irreversibly 

kills bacteria.27–29 This contrasts with electroceuticals targeting mammalian tissues that leverage innate 

cellular excitability to elicit non-lethal and programmable bioelectrical responses.30 Given that bioelectrical 

potential is closely related to growth, virulence, and antibiotic resistance in bacteria,31 bioelectronic devices 

that exploit excitatory responses in opportunistic pathogens could offer a powerful handle to steer bacterial 

physiology in our favor (Figure 3-1A). 

3.1.3 Exploring Excitable Microbial Biointerface  

               Several gaps in knowledge must be filled to engineer devices that can exploit excitatory responses 

in opportunistic pathogens. Among the human microbiota, only two species have been conclusively shown 
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to be electrically excitable, demonstrating the ability to generate changes in membrane potential in response 

to electrical stimulation.32 Specifically, Escherichia coli and Bacillus subtilis, which reside in the 

gastrointestinal tract, exhibit changes in membrane potential when electrically stimulated.33 This number 

of reported electrically excitable species is remarkably small compared to the thousands of bacterial species 

that reside in our bodies.34 Consequently, molecular mechanisms underlying bacterial electrophysiology 

have only been elucidated for a few model organisms such as B. subtilis,35,36and far less is known about 

more medically relevant species. Furthermore, the long-term effects and the clinical relevance of excitatory 

responses in opportunistic pathogens remain unclear.32,37 This gap in understanding has impeded the 

development of wearable or implantable bioelectronics designed to control resident bacteria by harnessing 

their innate electrical excitability. 

In this study, we engineered a microelectronic platform to examine the electrical excitability of the 

skin-residing opportunistic pathogen S. epidermidis. Our findings show that S. epidermidis can be excited 

by a non-lethal electrical stimulus, causing reversible changes in membrane potential. 

Intriguingly, S. epidermidis and other skin pathogens were excitable only when subjected to an acidic 

epidermal pH. Hence, we have coined the term “selective excitability” to describe excitatory behavior that 

occurs only under select conditions, such as in this case, the epidermal pH. The bioelectrical stimulation 

inhibited growth, virulence gene expression, and biofilm formation in S. epidermidis. Leveraging these 

findings, we developed an electroceutical patch that exploits selective excitability of S. epidermidis, 

preventing skin colonization using a voltage that is safe and imperceptible to humans. Our research 

highlights the discovery and utilization of selective excitability in bacteria, enabling drug-free bioelectronic 

control of opportunistic pathogens. 
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3.2 Results and Discussions 

3.2.1. A tailored device platform enables the assessment of bacterial excitability in response to 

electrical stimulation 

To observe the effects of electrical stimulation at single-cell resolution, we developed a customized 

setup for bacterial electrophysiology. Interdigitated gold electrodes were fabricated on a 0.17-mm glass 

coverslip, compatible with the use of 63× and 100× microscope objectives that have a short working 

distance (Figure 3-1B and Figure 3-1C). Interdigitated designs enable electric potential localization 

between adjacent fingers for effective cell modulation,38,39 while gold provides superior biocompatibility.40 

After inoculating the bacteria on agarose pads, these were placed on the electrode surface, and a potentiostat 

was used to deliver an alternating current (AC) at specified frequencies and voltages. The electrodes were 

designed with a width and gap of 40 μm (Figure 3-1D), suitable for the small size of S. epidermidis, which 

ranges from approximately 1 to 2 μm.41 Incorporating a 2 × 2 grid within a single device enabled us to 

perform parallel experiments with varying conditions, facilitating statistical analysis. The customized setup 

allowed us to deliver exogenous electrical stimuli and monitor electrophysiological changes in bacteria 

through fluorescence and phase-contrast microscopy (Figure 3-1E). 
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Figure 3-1. An interdigitated stimulation platform enables the assessment of bacterial excitability in 

response to electrical stimulation. A. Opportunistic infections by S. epidermidis serve as a leading source 

of healthcare-associated infections. We investigate whether we can induce an excitatory response 

in S. epidermidis through electrical stimulation, enabling drug-free, bioelectrical modulation. B. 

Schematics of the electrical simulation device used to study the excitability of S. epidermidis. C. The 

electrical stimulation device. Scale bar, 5 mm. D. Magnified image of interdigitated gold microelectrodes. 

E. Phase contrast (left) and fluorescence image of ThT-stained S. epidermidis (right) located between the 

interdigitated gold electrode array. ThT reports on the membrane potential. The color bar illustrates the 

intensity range of ThT-stained cells. Scale bar, 10 μm. 

3.2.2 Epidermal pH confers electrical excitability to S. epidermidis 

Skin-residing bacteria are exposed to diverse pH conditions, with healthy skin typically ranging 

from 4.7 to 5.242 and skin with atopic dermatitis from 5.5 to 5.9.43 Acne vulgaris presents a skin pH of 

around 6.4,44 whereas chronic wounds have pH varying from 7.2 to 8.9.45 Considering the varied 
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environmental pH levels to which the bacteria are subjected, we explored the electrical excitability 

of S. epidermidis across external pH (pHe) ranges of 4–9. The electrical stimulation condition (75 millivolts 

peak-to- peak [mVpp]/μm, AC, 0.1 kHz for 10 s) was selected based on the work on B. subtilis stimulation 

by Stratford et al.33 and optimization processes outlined in Figure 3-2.  

 

Figure 3-2 Optimization of electrical stimulation conditions. A. ThT intensity trace of electrically 

stimulated S. epidermidis at pH 5 (n=4). B. Fluorescence image of ThT stained S. epidermidis before and 

after stimulation. Scale bar, 20 µm. Excitatory response was not observed at 40mVpp/µm. Increasing the 

field strength to 60mVpp/µm resulted in subtle membrane potential change. 75mVpp/µm elicited the most 

measurable response. Field strength was not increased further to prevent potential damages to the electrode. 

While the frequency of 1Hz elicited changes in membrane potential, the response was weaker than at 100Hz. 

Altogether, 75mVpp/µm at 0.1kHz AC was selected as the stimulation condition. This condition strongly 

aligns with the parameters used in Stratford, J. P. et al. pioneering work on B. subtilis stimulation.3 All data 

are presented as mean values ± SD 

Electrical stimulation increased the fluorescence intensity of the membrane potential indicator 

thioflavin T (ThT) in cells, indicative of hyperpolarization. However, this response was observed only at 

pHe = 5, matching the pH of healthy skin (Figure 3-3A-C).46 Hyperpolarization of S. epidermidis upon 

electrical stimulation was confirmed with another membrane potential indicator, tetramethylrhodamine 

(Figure 3-4). We also studied changes in the bacteria’s intracellular pH using pHrodo staining. Electrical 
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stimulation increased pHrodo fluorescence, suggesting cytoplasmic acidification. Like the membrane 

potential, the change was observed only at pHe = 5 (Figure 3-3D-F).  

 

 

Figure 3-3. Epidermal pH confers electrical excitability to S. epidermidis. A. ThT intensity traces show 

that electrical stimulation hyperpolarizes S. epidermidis only at pHe = 5. Fluorescence intensity is 

calculated as log(F/F0), where F is the fluorescence and F0 is the fluorescence at the resting state. B. 

Confocal images show that electrical stimulation elicits hyperpolarization at pHe = 5, but not at pHe = 7.4. 
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The pH of 7.4 represents the unmodified pH of TSB medium, where the bacteria grow most optimally. 

Scale bar, 5 μm. The color bar illustrates the intensity range of ThT-stained cells. C. Intensity histogram of 

ThT-stained cells at rest and post-stimulation at pHe = 5 (n ≥ 300). D. pHrodo intensity traces show that 

electrical stimulation acidifies the cytoplasm of S. epidermidis only at pHe = 5. pHrodo reports on the 

internal pH, with its fluorescence increasing at a lower internal pH. E. Confocal images show that electrical 

stimulation induces acidification of cytoplasm at pHe = 5, but not at pHe = 7.4. Scale bar, 5 μm. The color 

bar illustrates the intensity range of pHrodo-stained cells. F. Intensity histogram of pHrodo-stained cells at 

rest and post-stimulation at pHe = 5 (n ≥ 300). G. The maximum of transmembrane proton gradient, ΔH+, 

exists near pHe = 5, which could be abolished by the addition of 150 μM CCCP (n = 4). Experimentally, 

cells are electrically excitable (green) only near the epidermal pH, where substantial ΔH+ is present. H. 

Upon addition of CCCP (150 μM) and nigericin (3 μM), S. epidermidis shows greater cytoplasmic 

acidification at pHe = 5 compared to pHe = 7.4. BCECF-AM reports on internal pH, with its fluorescence 

decreasing at a lower internal pH. The black arrow denotes the point of addition (n = 4). All data are 

presented as means ±SDs. 

 

Figure 3-4. Electrical stimulation at pH 5 causes a hyperpolarization of S. epidermidis, shown by 

tetramethylrhodamine (TMRM) staining. S. epidermidis was stained with the TMRM membrane voltage 
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indicator (200nM) which shows increase in fluorescence after electrical stimulation, indicating 

hyperpolarization (n>1000). Scale bar, 20µm. 

An acidic epidermal pH, used as the skin’s first line of defense against microbes, presents an 

adverse environment for bacterial growth.47 Surprisingly, S. epidermidis exhibited electrical excitability at 

the epidermal pH of 5, but remained completely unresponsive to stimulation at its optimal growth condition 

at pH 7.4 (Figure 3-5). We coined the term “Selective excitability” to describe how the bacteria became 

excitable only when select conditions, deviating from the best thriving environment, were met. 

 

Figure 3-5. S. epidermidis grows optimally at pH 7.4. The optical density of S. epidermidis was adjusted 

to OD600=0.27 in TSB medium and incubated for 4 hours at 37°C in a shaker incubator before taking the 

final OD600 measurements. The results indicate that pH 5 is an unfavourable pH for bacterial growth. S. 

epidermidis grows most optimally at pH 7.4, which is the unmodified pH of the TSB medium used for 

routine bacterial culture (n=3). All data are presented as mean values ± SD. 

Next, several control experiments were conducted to demonstrate the reversibility and non-lethality 

of the excitation response. Changes in membrane potential and intracellular pH were not due to cell death 

or electroporation (Figure 3-6), as the proportion of propidium iodide-stained cells remained unchanged 

upon stimulation. Indeed, the electric field we applied (75 mVpp/μm) was about two orders of magnitude 
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lower than the lethal electroporation threshold for S. epidermidis reported in the literature, which ranges 

from 1,000–3,500 mV/μm.48 The electric field was generated with an AC voltage (Vac) of 1.5 Vac, which is 

considered safe and imperceptible to humans.49 Importantly, the hyperpolarized membrane potential could 

be reversed back to the resting state within a 6-h time frame, during which the bacteria resumed growth 

(Figure 3-7). This shows the reversibility and non-lethal nature of the bioelectrical response. 

 

Figure 3-6. The electrical stimulation does not permeabilize the bacterial membrane. Live cells are 

stained with SYTO9 (green), while dead cells with a compromised membrane are stained with propidium 

iodide (PI, red). No significant decrease in viability was observed 30 minutes after an electrical stimulation 

(n=3). All data are presented as mean values ± SD. 
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Figure 3-7. ThT intensity trace of electrically stimulated S. epidermidis at pH 5 shows recovery of 

membrane potential and growth. A. Mean intensity trace of ThT-stained S. epidermidis. The electrical 

stimulation was applied at the 20 minutes timepoint, reflected by the initial increase in ThT fluorescence 

intensity (n=50). B. Single-cell ThT intensity traces (n=50). C. Upon electrical stimulation at 20 min, S. 

epidermidis recovers its membrane potential over time and resumes growth. 3μM ThT was used for the 

long-term timelapse. Scale bar, 20μm. All data are presented as mean values ± SD. 

More control experiments were conducted to understand the nature of the excitatory response. 

Using fluorescein as a pH probe, we verified that external pH, which is known to affect membrane potential, 

remains unaltered during and after the stimulation (Figure 3-8). Furthermore, we found that the excitation 

laser for ThT and pHrodo alone does not trigger an increase in fluorescence (Figure 3-9). The simultaneous 

rise in ThT and pHrodo fluorescence during electrical stimulation aligned with reported connections 

between internal pH and membrane potential. Specifically, it is known that the decrease in internal pH is 
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balanced by hyperpolarization of the membrane potential as part of bacterial pH homeostasis (Figure 3-

10).50,51 Overall, the experiments suggested that the observed phenomenon is an authentic 

electrophysiological response elicited by electrical stimulation. 

 

Figure 3-8. Intensity trace of fluorescein dye shows that no change in external pH occurs upon 

electrical stimulation. A. Calibration of fluorescein intensity (8µM) verses external pH (n=4). B. No 

change in fluorescein intensity occurred upon electrical stimulation at pH 5, showing that external pH does 

not fluctuate during stimulation (n=3). All data are presented as mean values ± SD. 

 

Figure 3-9. Excitation laser for ThT and pHrodo alone does not influence their membrane potential 

and internal pH. No change in fluorescence intensity was observed for ThT and pHrodo stained cells 

without electrical stimulation. 
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Figure 3-10. Correlation between the transmembrane pH gradient (ΔpH) and membrane potential. 

As the ΔpH decreases, membrane potential hyperpolarizes, evidenced by increased ThT fluorescence. This 

compensation of ΔpH through alterations in membrane potential is well-documented across various bacteria 

as a homeostatic mechanism to maintain the proton motive force (PMF), approximated as PMF (mV) = Δψ 

– (59 × ΔpH), where Δψ is the membrane potential. During electrical excitation, pHrodo staining indicates 

decrease in internal pH (pHi) while external pH (pHe) remains unchanged, resulting in reduction of ΔpH. 

Therefore, we observe a hyperpolarization response, consistent with the experimental and literature trends. 

ΔpH was measured by BCECM-AM staining (n≥4). All data are presented as mean values ± SD 

Next, we investigated why bacteria only responded at pH 5 and how the epidermal pH confers 

excitability to S. epidermidis. By using the intracellular pH dye BCECF-AM, we found that the 

transmembrane proton gradient ΔH+ is small at pHe ≥ 6, and collapses at acidic pHe ≤ 4.5. The ΔH+, 

however, strongly peaks at pHe = 5 (Figure 3-3G). Since electrical excitation of S. epidermidis involves 

proton influx, the large ΔH+ near epidermal pH can be correlated with a greater driving force for the 

electrical response. Indeed, we observed that S. epidermidis can be excited only when significant ΔH+ is 

present, at pH 5 and 5.5 (Figure 3-3G, Figure 3-11). Conversely, abolishing the proton gradient by adding 

the protonophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP) completely inhibited the excitation 
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response (Figure 3-12). The results indicated that the presence of ΔH+ is critical for the excitability 

of S. epidermidis. 

 

Figure 3-11. Electrical stimulation of S. epidermidis at intermediate pH levels. A. Mean ThT intensity 

trace shows that S. epidermidis can be electrically excited at pH 5.5 to hyperpolarize the membrane potential 

(n=3). B. Mean ThT intensity trace shows that S. epidermidis cannot be electrically excited at pH 4.5 to 

hyperpolarize the membrane potential (n=3). Scale bar, 20µm. All data are presented as mean values ± SD. 
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Figure 3-12. Mean ThT intensity trace upon electrical stimulation at pH= 5 with carbonyl cyanide m-

chlorophenyl hydrazone (CCCP). The addition of CCCP, 150µM, mutes the hyperpolarization response 

(n=5). All data are presented as mean values ± SD. 

To demonstrate how large ΔH+ drives proton influx when cells are perturbed, we conducted kinetic 

measurements of BCECF-AM fluorescence (Figure 3-3H). Upon adding CCCP and nigericin, two 

ionophores known to induce proton influx, there is a significant drop in BCECF-AM fluorescence, 

indicative of cytoplasmic acidification, at pHe = 5. At pHe = 7.4, however, the change is less pronounced. 

The differences were expected as ΔH+ at pHe = 5 is orders of magnitude larger than at pHe = 7.4 (Figure 

33G). The result suggests that selective excitability at the epidermal pH range of 5–5.5 arises due to a large 

ΔH+ gradient, which provides driving force for proton influx when perturbations, such as electrical 

stimulation, are applied. Greater molecular details about the selective excitability have been reviewed by 

Micheal and Chen.52 

Interestingly, we also noted that epidermal pH confers electrical excitability to other opportunistic 

pathogens—S. capitis and S. saprophyticus. S. capitis, part of the normal skin flora, causes opportunistic 

infections in prosthetic medical devices and neonatal sepsis.53 S. saprophyticus, prevalent in the acidic 

environment of the skin, vagina, and urogenital tract, is responsible for 10%–20% of urinary tract infection 
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in sexually active young women worldwide.54 Upon electrical stimulation, S. capitis  were hyperpolarized, 

only at pH 5 (Figure 3-13-A and Figure 3-13B). Similar to S. epidermidis, the driving force for proton 

influx, ΔH+, was two orders of magnitude larger at pHe = 5 than at pHe = 7.4 (Figure 3-13C). Identical 

trends were observed for S. saprophyticus (Figure 3.13D-F). The results demonstrate the existence of 

selective excitability in the skin-residing microbes that were previously not known to be excitable. While 

exploring trends in the electrical response of resident bacteria is beyond the scope of this paper, future 

investigation into this topic will help determine how selectively electrical stimulation can modulate bacteria 

on skin. 

 

Figure 3-13 Epidermal pH confers selective excitability to two other skin-residing opportunistic 

pathogens. A. Mean ThT intensity traces show that electrical stimulation hyperpolarizes S. capitis at pHe = 

5, but not at pHe = 7.4 (n = 5). B. Confocal images show that electrical stimulation at pHe = 5 

hyperpolarizes S. capitis, but not at pHe = 7.4. Scale bar, 20 μm. The color bar illustrates the intensity range 
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of ThT-stained cells. C. The transmembrane proton gradient of S. capitis at pHe = 5 is significantly larger 

than at pHe = 7.4 (n = 4). D. ThT intensity traces show that electrical stimulation 

hyperpolarizes S. saprophyticus at pHe = 5, but not at pHe = 7.4 (n = 5). E. Confocal images show that 

electrical stimulation at pHe = 5 hyperpolarizes S. saprophyticus, but not at pHe = 7.4. Scale bar, 20 μm. 

The color bar illustrates the intensity range of ThT-stained cells. F. The transmembrane proton gradient 

of S. saprophyticus at pHe = 5 is significantly larger than at pHe = 7.4 (n = 4). All data are presented as 

means ± SDs. 

 

3.2.3 Programmable electrical stimulation suppresses virulence factors in S. epidermidis 

We next aimed to understand the long-term effects of electrical stimulation on S. epidermidis at a 

population level. We observed that electrical stimulation reduces both growth and ATP levels 

in S. epidermidis with successive stimulation cycles (Figure 3-14A). This was expected, since 

perturbations in membrane potential and intracellular pH have been reported to interfere with normal 

cellular functions, including proliferation and respiration.55,56 The effect was not observed at pHe = 7.4, 

where no excitation response was observed. Moreover, transcriptional analysis post-electrical stimulation 

revealed a decrease in the expression of virulence genes responsible for surface adhesion (SdrG), 

polysaccharide intracellular adhesin (icaB, icaC), protease (Clp), oxidative damage resistance (MsrA), and 

virulence regulation (SarA) (Figure 3-14B).13,57,58 The results show that the excitatory response 

accompanies a suppressive effect on the virulence of the opportunistic pathogen. 
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Figure 3-14. Population response of S. epidermidis reveals the suppressive effect of electrical 

stimulation. A. Electrical stimulation reduces the growth and ATP levels in S. epidermidis at pHe = 5, but 

not at pHe = 7.4 (n = 4). B. Electrical stimulation at pHe = 5 reduces virulence gene expression 

in S. epidermidis, measured by the RT-qPCR (n = 4). The fold change was normalized relative to the 

expression level of the guanylate kinase (gmk) housekeeping gene. Each stimulation cycle consists of a 75 

mVpp/μm amplitude at 0.1 kHz AC for a duration of 10 seconds. All data are presented as means ± SDs. 

We further investigated whether electrical stimulation could assist in controlling biofilm formation, 

the defining virulence factor in S. epidermidis.59 Given that electrical stimulation 

hyperpolarizes S. epidermidis, making the cells more negatively charged, we hypothesized that this would 

electrostatically increase the vulnerability of the cell to positively charged aminoglycoside antibiotics such 

as gentamicin. Indeed, co-staining S. epidermidis with ThT and gentamicin-Texas red (GTTR) shows that 

repeated stimulation leads to successive hyperpolarization and accumulation of gentamicin (Figure 3-15A). 

Hence, we programmed a protocol to enhance the inhibitory effect of a drug through electrical pretreatment. 

The protocol involved 5 cycles of stimulation pretreatment to induce hyperpolarization, followed by 

incubation with a sublethal dose of gentamicin for 18 h. While electrical pretreatment or a sublethal dosage 

of gentamicin alone failed to reduce biofilm coverage by more than 30%, their combined application 

resulted in a 94% decrease in biofilm coverage (Figure 3-15B and Figure 3-15C). This demonstrates that 
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electrical stimulation can enhance the effect of the drug, enabling biofilm inhibition with reduced dosages 

of antibiotics. 

 

 

Figure 3-15 Selective excitability enables programmable biofilm suppression. A. Mean intensity trace 

of S. epidermidis co-stained with ThT and GTTR. Electrical stimulation at pHe = 5 results in 

hyperpolarization accompanied by the accumulation of gentamicin (n = 5). Scale bar, 5 μm. The color bar 

illustrates the intensity range of GTTR-stained cells. B. Electrical pretreatment at pHe = 5 enhances 

the suppressive effect of sublethal gentamicin (30 μg/mL) toward S. epidermidis biofilm formation (n ≥ 4). 

Stim., stimulation. C. Phase contrast images show that electrical pretreatment at pHe = 5 combined with a 

sublethal gentamicin stops bacterial growth. Scale bar, 20 μm. D. Phase contrast images 
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of S. epidermidis biofilm after 18 h of periodic electrical stimulation, applied every 10 min. Periodic 

stimulation abolishes biofilm formation at pHe = 5, but not at pHe = 7.4. Scale bar, 20 μm. E. Periodic 

electrical stimulation abolishes biofilm growth at pHe = 5 (n = 4). F. Periodic electrical stimulation does 

not reduce biofilm growth at pHe = 7.4 (n = 4), indicating a non-lethal bioelectrical stimulation condition. 

Each stimulation cycle consists of a 75 mVpp/μm amplitude at 0.1 kHz AC for a duration of 10 seconds. 

All data are presented as means ± SDs. 

Next, we investigated the possibility of controlling biofilm formation solely through electrical 

means, without the use of drugs. As mentioned earlier, S. epidermidis can recover its membrane potential 

and resume growth upon stimulation (Figure 3-7). Thus, we developed a protocol that applies electrical 

stimulation at periodic intervals, every 10 min, to prevent recovery and achieve long-term suppression. The 

periodic stimulation at pHe = 5 eradicated biofilm formation by 99% without the need for antibiotics 

(Figure 3-15D to E). The effect of inhibition was localized where the bulk interdigitated electrode arrays 

were present (Figure 3-16). No reduction in biofilm formation was observed at pHe = 7.4 (Figure 3-15F), 

where excitation response was not observed, indicating that the periodic electrical stimulation itself is non-

lethal for the bacteria. In the absence of an excitatory response at pH 7.4, a voltage as high as 9.5 Vac was 

required to achieve a similar, albeit less effective, level of biofilm suppression using the identical protocol 

(Figure 3-17). The low-voltage and drug-free electrical suppression of biofilm growth was uniquely 

enabled at the epidermal pH where S. epidermidis displays selective excitability. 
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Figure 3-16. Periodic electrical stimulation at pH 5 results in localized inhibition of S. epidermidis 

biofilm formation. Biofilm inhibition only occurs at interdigitated electrode arrays. Outside the electrode 

region, biofilm growth occurs. Scale bar, 40µm. 

 

Figure 3-17. Significantly higher voltages are required for biofilm suppression in the absence of 

selective excitability. At pH 7.4, where the excitatory response was absent, a voltage as high as 9.5Vac was 

required to achieve around 90% biofilm inhibition. Moreover, severe electrode corrosion was observed at 

these high voltages. This demonstrates the advantages of our method, which leverages the selective 

excitability of S. epidermidis to achieve 99% biofilm suppression with a voltage as low as 1.5 Vac, while 

maintaining device stability over repeated stimulation cycles (n=3). Scale bar, 40µm. All data are presented 

as mean values ± SD. 
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3.2.4 Bioelectronic localized antimicrobial stimulation therapy 

Chronic skin inflammation and wounds are linked with elevated pH levels and colonization of 

virulent S. epidermidis that can exacerbate the conditions.60–63 To address the issue, we developed an 

electroceutical device that can restore the acidic pH of the skin, sensitizing S. epidermidis to electrical 

stimulation and suppression. The device was used to deliver bioelectronic localized antimicrobial 

stimulation therapy (BLAST), which controls proliferation of the opportunistic pathogen through a drug-

free bioelectrical stimulation. The stimulation parameters for BLAST were set identically to the drug-free 

suppression protocol in Figure 3-15D. 

 



 
 

80 
 

Figure 3-18. BLAST reduces colonization of porcine skin by S. epidermidis. A. Schematic diagram 

showing structural components of the electroceutical skin patch used to stimulate S. epidermidis. B. 

Photograph showing wearability and flexibility of the skin patch. Scale bar, 1 cm (top), 40 μm (bottom). C. 

Three-dimensional reconstruction of confocal z stack images shows hyperpolarization of ThT-stained S. 

epidermidis upon electrical stimulation. Scale bar, 20 μm. The color bar illustrates the intensity range of 

ThT-stained cells. D. ThT intensity histogram shows population-wide hyperpolarization response elicited 

upon electrical stimulation of S. epidermidis (n ≥ 600). E. BLAST significantly reduces the colony-forming 

units of S. epidermidis on porcine skin after 18 h (n = 5). Insets show visible reduction in the opacity of S. 

epidermidis collected and cultured from porcine skin. Scale bar, 1 cm. F. BLAST significantly reduces the 

S. epidermidis biofilm coverage on porcine skin after 18 h (n ≥ 5). G. SEM imaging shows that BLAST 

decreases S. epidermidis biofilm coverage on the porcine skin surface. Scale bar, 5 μm. All data are 

presented as means ± SDs. 

The electroceutical device featured an interdigitated electrode array on a flexible polyimide (PI) 

substrate (Figure 3-18A and Figure 3-18B). pH 5-adjusted tragacanth gum served as a hydrogel interlayer 

between the skin and device, which provided an acidic environment that confers excitability 

to S. epidermidis. Tragacanth gum was selected for its biocompatibility and its natural ability to form an 

acidic pH upon gelation.64 With 500 cycles of periodic stimulation lasting 5 days, the device showed no 

significant decline in impedance, indicating its stability (Figure 3-19). The stimulation condition was 

benign for humans; we utilized a voltage of 1.5 Vac, which is an order of magnitude below the most 

conservative 15-Vac voltage limit deemed imperceptible and safe for wet contact.49 When we applied the 

device to a surface inoculated with S. epidermidis, together with tragacanth gum, electrical stimulation 

elicited the hyperpolarization response as shown by confocal z stack imaging (Figure 3-18C and Figure 

3-18D). This confirmed that our device can stimulate S. epidermidis. 
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Figure 3-19. Stability of the bioelectronic skin patch for BLAST treatment, in contact with TSB agarose 

pad. Electrochemical impedance spectroscopy shows the stability of device impedance over 500 cycles of 

periodic electrical stimulation, which could last 5 days when applied at 10 min intervals. Each datapoint is 

an average of five repeated measurements. 

To showcase the potential of BLAST in controlling opportunistic pathogens, we interfaced the 

device with porcine skin inoculated with S. epidermidis. Porcine skin was selected for its similarity to 

human skin.65 After 18 h of BLAST treatment, we discovered a nearly 10-fold reduction in the colony-

forming units on porcine skin for stimulated groups (Figure 3-18E). Scanning electron microscopy (SEM) 

imaging further confirmed the reduction in the porcine skin colonization by S. epidermidis, showing a 

substantial decrease in biofilm coverage (Figure 3-18F and Figure 3-18G). Furthermore, we examined 

whether BLAST could be applied to control S. epidermidis biofilm formation on other clinically relevant 

surfaces. Following an identical protocol, we inoculated S. epidermidis on the silicone surface utilized for 

catheter tubing and the surface of ultra-high molecular weight polyethylene utilized for prosthetic implants. 

Upon applying periodic electrical stimulation, significant reduction in the colony-forming units was 

observed for stimulated groups (Figure 3-20). This demonstration highlights a bioelectronic device 

exploiting selective excitability of the opportunistic pathogen, enabling drug-free control. 
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Figure 3-20. BLAST treatment on other medically relevant surfaces. When the identical device was applied 

to the silicone and ultra-high molecular weight polyethylene surfaces (UHMWPE) commonly used for 

catheter and prosthetic implants, periodic electrical stimulation significantly decreased colony forming 

units of S. epidermidis on the surfaces. All data are presented as mean values ± SD. 

3.3 Discussion and Outlook 

We engineered a microelectronic device to investigate the electrical excitability of the skin-residing 

opportunistic pathogen S. epidermidis. We discovered that S. epidermidis can be excited by exogenous 

electrical stimuli, resulting in cytoplasmic acidification and reversible changes in membrane potential. The 

presence of a large transmembrane proton gradient near the epidermal pH conferred selective excitability 

to S. epidermidis and other skin-residing opportunistic pathogens. The bioelectrical stimulation 

programmably suppressed growth and biofilm formation in S. epidermidis. Finally, we developed a drug-

free electroceutical device that exploits the selective excitability of S. epidermidis, reducing its colonization 

on a porcine skin model through BLAST treatment. 

We demonstrated that matching the acidic pH of the skin confers electrical excitability to 

opportunistic pathogens not previously known to be excitable. This selective excitability arises within a 

narrow pH range of 5–5.5, a hostile condition that deviates from the optimum growth pH for the organism. 
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Given that bacteria have evolved mechanisms to maintain their H+ gradient under varying environments, 

each species may possess a different regime for electrical excitation.66,67 While B. subtilis and E. coli are 

the only two non-electroactive bacteria reported to be electrically excitable,33,68 selective excitability could 

be a key to uncovering hidden excitatory responses in other microorganisms. Exploring the excitability of 

functional microbes may facilitate electrical control of bacterial physiology for diverse applications.  

We utilized the finding of S. epidermidis’ selective excitability to develop a bioelectronic device 

for controlling bacterial physiology and pathology. Through a low-voltage AC stimulation that is safe and 

imperceptible to humans, we elicited a non-lethal excitation response in S. epidermidis through reversible 

changes in membrane potential. This bioelectrical method allowed us to control growth, ATP, and biofilm 

formation of S. epidermidis at a benign voltage that was ineffective to the bacteria outside their selective 

pH. In the absence of the excitatory response, significantly higher voltage was required to achieve a similar 

level of biofilm suppression while risking device degradation. Our method contrasts with conventional 

electrical stimulation typically used to either electrolytically kill bacteria through toxic chemicals or 

electroporate cells at dangerously high voltages.27,28 Our results will promote further research into 

bioelectrical control of medically relevant bacteria, extending beyond lethal electroporation. 

Our bioelectronic treatment not only enables drug-free control of opportunistic pathogens but also 

demonstrates effectiveness and advantages over drug-based methods. Periodic electrical stimulation 

reduced biofilm formation by over 90%, with the reduction localized at the interdigitated electrodes. By 

programming the stimulation protocol, we could transition from drug-enhanced to drug-free modes of 

biofilm suppression. In addition, growth, ATP levels, and antibiotic accumulation could be controlled 

stepwise by adjusting the number of stimulation cycles. The localized, programmable, and highly 

controllable therapy demonstrates the unique advantages of bioelectronic treatment over antibiotics-based 

methods. This approach is very easy to customize for individual patients and their treatment needs. 

While we demonstrated an electroceutical device that exploits the excitability of opportunistic 

pathogens, much more work is needed to apply the device in practical settings. Molecular-level studies are 
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needed to identify which ion channels could be involved in mediating electrical responses in bacteria. 

Improved fundamental understanding of ionic responses could also enable an engineering approach to 

amplify the electrical response. Also, it should be noted that AC stimulation may be less convenient for 

wearable device applications due to the complexity of design and higher power consumption. To improve 

practicality, developing power-efficient methods and optimized circuit designs is essential. A better 

molecular understanding of bacterial stimulation mechanisms—including the role of ion channels and the 

contributions of capacitive and faradic components—may enable the exploration of alternative signal types 

for stimulation.  

Exploring the environmental factors that grant electrical responsivity to bacteria may offer valuable 

insights into the evolutionary interplay between microorganisms and their host environments. For example, 

the stable proton gradient at pH 5 suggests that S. epidermidis can endure unfavorable epidermal pH levels 

to maintain the driving force for ATP synthesis, surviving as a part of the commensal skin flora. From the 

host’s perspective, evolution has maintained acidic skin pH, which is crucial for enzymatic regulation, 

barrier integrity, and microbial defense.47 However, the impact of epidermal pH on conferring electrical 

excitability to bacterial inhabitants remains largely unexplored. The presence of natural electrical 

phenomena on the skin, such as trans-epidermal electric potential73 and electrostatic discharge,74 prompts 

intriguing questions regarding their potential influence on the electrophysiology of commensal microbes. 

Investigating this interaction warrants further scientific exploration. 

Within the broader scope of this thesis, Chapter 3 explores the dynamic interactions at the interface 

between electronics and living microbial materials. We demonstrate that microbes can sense and integrate 

subtle electrical signals from electronic devices, triggering excitatory responses that enable potent 

modulation. This excitable biointerface holds significant promise for drug-free strategies in pathogen 

control. 

 

https://www.cell.com/device/fulltext/S2666-9986(24)00542-8
https://www.cell.com/device/fulltext/S2666-9986(24)00542-8
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3.4 Experimental 

3.4.1. Strains and growth conditions 

S. epidermidis (strain NIHLM087, provided by Dr. Julia Segre at NIH, NCBI taxonomy ID: 979201) 

was cultured overnight in tryptic soy broth (TSB) using a shaker incubator (37°C, 200 rpm). A 1-mL sample 

of the overnight liquid culture (optical density 600 [OD600] ∼3.00) was pelleted and resuspended in an equal 

volume of pH-adjusted TSB buffer. The resuspended bacterial solution was then added to an aerated culture 

tube and incubated in the shaker incubator (37°C, 200 rpm) for 3 h. 

For imaging membrane potential or antibiotics accumulation, 10 μM ThT (Acros Organics), 

200 nM trimethylrhodamine (TMRM, Invitrogen), or 2 μg/mL of GTTR (AAT Bioquest) was added after 

2 h of incubation. At 3 h of incubation, 1 μL cells were inoculated onto pH-adjusted TSB agarose pads 

containing the same concentration of ThT, TMRM, or GTTR. The inoculated agarose pad was placed on 

the interdigitated gold electrode device for imaging and stimulation. Imaging of bacterial viability was done 

using the LIVE/DEAD BacLight Bacterial Viability Kit (Molecular Probes) following the identical 

procedure, using suggested dye concentration from the manufacturer. The agarose pad was prepared by 

melting ultrapure agarose (Invitrogen), which was then solidified on a 22 × 22-mm cover glass and cut to 

an 8 × 8-mm size. When abolishing the transmembrane pH gradient, the agarose pad was supplemented 

with 150 μM of CCCP (Cayman Chemical). 

For imaging of intracellular pH, 1 mL of the overnight cultured S. epidermidis was resuspended in 

1 mL of pH 7.4 TSB. Then, 2 μL pHrodo Green AM Ester and 20 μL PowerLoad concentrate (Invitrogen) 

were added to the suspension and left at room temperature for 30 min. After this, the cells loaded with 

pHrodo were washed twice with pH 7.4 TSB and resuspended in 1 mL of the pH-adjusted TSB buffers. The 

bacteria were incubated for 3 h (37°C, 200 rpm) in an aerated culture tube and inoculated on a TSB agarose 

pad without any added dyes. The inoculated agarose pad was placed on the interdigitated gold electrode 

device for imaging and stimulation. An identical procedure was used for the culturing and stimulation 
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of S. capitis (American Type Culture Collection [ATCC] no. 35661), S. saprophyticus (ATCC no. 15305), 

and E. coli (MG1655). 

3.4.2. Device fabrication and characterization 

To fabricate the interdigitated stimulation device for the assessment of bacterial excitability, no. 1.5 

thickness microscope cover glass (Brain Research Lab, no. 4860-1.5D) was sonicated in acetone and 

isopropyl alcohol for 15 min. After blow drying with N2, the cover glass was subjected to 

hexamethyldisilazane (HMDS) vapor priming. A SiO2 wafer (NOVA Electronic Materials) of identical 

dimensions (60 × 48 mm) was spin-coated with AZ nLOF 2070 (2,500 rpm, 45 s). Following HMDS 

treatment, the cover glass substrate was placed on top of the photoresist-coated SiO2 wafer and baked at 

110°C for 3 min. This process was used to bond cover glass to the wafer substrate, reducing thermal 

expansion during subsequent fabrication processes. Next, the substrate was spin-coated with AZ nLOF 

2020 and soft-baked at 110°C for 2 min. The substrate was exposed with a Heidelberg MLA150 Direct 

Write Lithographer. After a post-exposure bake at 110°C for 2 min, the pattern was developed in AZ 300 

MIF for 50 s. After washing in deionized water, 10 nm titanium and 100 nm gold were deposited using an 

EvoVac Electron Beam Evaporator (Angstrom). The photoresist and bonding to the SiO2 wafer were lifted 

off in Remover PG at 80°C overnight, releasing the cover glass substrate with interdigitated gold electrode 

patterns. Acrylic plastic (Alfa Aesar) was cut with a VLS 4.60 laser cutter to make a 2 × 2 well, which was 

bound to the cover glass substrate using Kwik-Sil (World Precision Instruments). The device was wired 

using copper wire (Remington) and PELCO conductive silver paint (Ted Pella), which was insulated with 

epoxy (JB Weld). For the fabrication of the electroceutical skin patch for BLAST, an identical procedure 

was used, replacing the cover glass substrate with PI film up to the lift-off stage using Remover PG. The 

released PI film with interdigitated gold electrodes was wired and attached to Tegaderm (3M). The 

dimensions of the interdigitated electrode were checked using LEXT OLS5100 confocal microscope 

(Olympus) and Merlin SEM (ZEISS) and processed with the manufacturer’s software. Electrochemical 
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impedance spectroscopy of the device, in contact with agarose pad, was performed using SP200 Potentiostat 

(BioLogic). 

3.4.3. Electrical stimulation of S. epidermidis 

Electric stimulation was applied using an SP200 Potentiostat (BioLogic). One stimulation cycle 

consisted of 75 mVpp/μm, AC, 0.1 kHz for 10 s. For enhancing the inhibitory effect of 

antibiotics, S. epidermidis was preconditioned with five cycles of stimulation (1-min intervals) and then 

incubated with a sublethal concentration (30 μg/mL) of gentamicin for 18 h at 37°C. For drug-free biofilm 

suppression, stimulation cycles were applied periodically at 10-min intervals for 18 h at 37°C. 

3.4.4. Fluorescence microscopy 

Short-term time-lapse images with an imaging duration under 10 min were acquired using a 

Stellaris 8 WLL confocal microscope (Leica Microsystems) with a 63× objective (63×/1.4 numerical 

aperture, UV transmission, oil immersion, 0.14 mm working distance, 506350). ThT fluorescence was 

detected with an excitation laser of 458 nm and an emission detection window of 490–545 nm using the 

HyD X2 detector. pHrodo fluorescence was detected with an excitation laser of 500 nm and an emission 

detection window of 530–600 nm using the HyD X2 detector. GTTR fluorescence was detected with an 

excitation laser of 595 nm and an emission detection window of 630–750 nm using the HyD S3 detector. 

For overnight time-lapse experiments, phase contrast images of S. epidermidis were captured using an Axio 

Observer 7 microscope (Zeiss) with a 100× or 63× objective (1.4 numerical aperture, oil immersion) in an 

incubator box maintained at 37°C. Images were background subtracted and adjusted for brightness and 

contrast using ImageJ. 

3.4.5. Intracellular pH assay with BCECF-AM 

A total of 1 mL of the overnight cultured S. epidermidis was pelleted and resuspended in an equal 

volume of pH-adjusted TSB buffers. The resuspended bacterial solution was added to an aerated culture 

tube and incubated in a shaker incubator (37°C, 200 rpm) for 3 h. After the incubation, 25 μM BCECF-AM 
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(Invitrogen) was added to the culture tubes and incubated at 30°C for 30 min. BCECF-AM fluorescence 

was measured using a Synergy NEO HTS Plate Reader according to the manufacturer’s instructions. The 

Intracellular pH Calibration Buffer Kit (Invitrogen, P35379) was used to calibrate BCECF-AM 

fluorescence with intracellular pH, allowing for the quantification of transmembrane pH gradient ΔpH. 

Transmembrane proton gradient ΔH+ was measured by taking the negative anti-log of pH to find proton 

concentration [H+] to calculate ΔH+ = [H+]external − [H+]internal. For the kinetics experiment using BCECF-

AM, fluorescence measurements were taken every minute in the Synergy NEO HTS Plate Reader. After 

5 min, the plate was taken out and 150 μM CCCP or 3 μM nigericin (Invitrogen) was added to the wells. 

Upon addition, changes in BCECF-AM fluorescence were continuously monitored for 30 min. 

3.4.6. Measurement of ATP and growth 

Upon applying the desired cycles of electrical stimulation, the agarose pad and electrode surface 

were flushed with TSB medium to collect S. epidermidis. Using a Synergy NEO HTS Plate Reader, the OD 

of the stimulated and non-stimulated cells was adjusted to OD600 = 0.2. ATP levels in stimulated cells were 

measured using the BacTiter-Glo Microbial Cell Viability Assay and normalized to those of non-stimulated 

controls. For the measurement of growth, 200 μL of the OD600 = 0.2 samples were added to a 96-well plate, 

and OD was monitored overnight using a Tecan Infinite 200 microplate reader at 37°C under orbital shaking. 

The percentage of biofilm formation was quantified using ImageJ by examining the area of coverage from 

phase contrast images taken after 18 h incubation. 

3.4.7. Electrical stimulation and characterization of porcine skin 

Porcine skin (Fisher Scientific, NC1275387) was soaked in TSB buffer overnight before the 

experiment. S. epidermidis, 3 μL, was inoculated onto the porcine skin surface. pH 5-adjusted tragacanth 

gum (3% w/v, Sigma-Aldrich) was applied to the electrode surface (8 μL/cm2). Finally, the electrode was 

placed on the inoculated porcine skin and BLAST treatment was applied, applying an electrical stimulation 

every 10 min for 18 h at 37°C. To quantify colony-forming units on the porcine skin, the skin and electrode 
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were flushed with pH 7.4 TSB to collect the attached bacteria. The TSB containing the 

collected S. epidermidis was incubated for 6 h in an aerated bacterial culture tube before being inoculated 

on a TSB agar plate for colony counting. The identical procedure was used for BLAST treatment on silicone 

and polyethylene surfaces. 

To determine the pH of porcine skin before and after applying tragacanth gum, a 1-cm2 piece of 

skin was soaked in PBS at pH 7.4 overnight. After soaking, the skin was gently shaken to remove excess 

PBS, and MQuant pH-indicator strips (range: pH 5–10) were placed on the skin’s surface. Then, 

8 μL/cm2 of pH 5 tragacanth gum was spread on the skin, and the pH was allowed to equilibrate for 10 min. 

Excess gum was gently dried off with a towel, and another pH-indicator strip was placed on the skin. The 

strip’s color was analyzed by photographing it, converting the image to HSB stack in ImageJ, and 

quantifying the hue, saturation, and brightness. The quantified color was then compared to control strips 

applied to PBS and pH 5-tragacanth gum. 

For SEM characterization, the porcine skin was fixed with 3% glutaraldehyde for 16 h at 4°C. The 

fixed porcine skin was subjected to increasing concentrations of acetone and isopropyl alcohol solvent 

series and dried with a Leica EM CPD300 Critical Point Drier following the manufacturer’s protocol on 

preparing bacterial samples. The dried samples were sputtered with 8 nm of platinum/palladium using a 

Cressington Sputter Coater 208 and imaged with a Merlin FE SEM (Zeiss). The percentage of skin coverage 

was quantified using ImageJ by examining the area of coverage from the SEM images. 

3.4.8. Real-time quantitative reverse transcription PCR  

Upon applying 10 cycles of electric stimulation at 1-minute intervals, the agarose pad and electrode 

were flushed with TSB medium to collect S. epidermidis. Using a Synergy Neo HTS Plate Reader, the 

optical density of the stimulated and non-stimulated cells was adjusted to OD600 = 0.03. Then, 200 µl of 

the cells were added to a 96-well plate and incubated for 8 hours at 37°C with orbital shaking in a Tecan 

Infinite 200 microplate reader, until they reached the mid-exponential growth phase. Subsequently, RNA 



 
 

90 
 

was extracted using the Qiagen RNeasy Mini Kit (Cat. No. 74104). Quantitative RT-PCR was performed 

using the One-Step TB Green® PrimeScript™ RT-PCR Kit II (Takara, Cat. No. RR086A) and a 

QuantStudio Pro 6 PCR system (Applied Biosystems). ΔCt values were calculated relative to the guanylate 

kinase (gmk) housekeeping gene, 2 and fold changes were calculated relative to the non-stimulated control 

samples. The virulence gene sequence of S. epidermidis was obtained from the NCBI database, and primers 

were designed and evaluated using Primer3 software. Primer sequences: icaC-

u:TCACTACCGGAAACAGCGAT, icaC-d:TTCTTAGGTGGTTACATTGGCT icaB-u: 

ACTTTGCGTCGTGTGCTTTA, icaB-d: GCACTCGCGTTAAACTATCAC Psm-u: 

CGCTAACGCCACTTTCTACG, Psm-d: GCAGCACAAGATCAAGATTGG gmk-u: 

CCTTCAGGTGTTGGAAAGG, gmk-d: CACCTTCACGCATATGACGC Clp-u: 

ACATAAACTCGTCGGGTGGT, Clp-d: AGCGATCACACTTGCGATTG msrA-u: 

TCTTGATGGTATGCTTCCGC, msrA-d: TCCTTTGGATGATGGTGGTC SarA-u: 

TGCTTCTGTGATACGGTTGT, SarA-d: TGAACACGATGAGAGAACTGTT SdrG-u: 

CAACAAGTCAGCCGTCTAGC, SdrG-d: CTTGTTCCGCCGCTAATTGA Acc-u: 

TGTTTCTTAGTTGCTGCAGGT, Acc-d: TTAGGAGACATGCACACGGT 

3.4.9. Statistical analysis 

OriginPro 2024 was employed for all statistical analyses. Unless stated otherwise, the error bars 

represent 1 SD. For biological data analysis, multiple t tests were performed. A significance threshold 

of p < 0.05 was used to determine statistical significance. In the figure panels, the following symbols were 

used to indicate significance levels: n.s., non-significant (p > 0.05); ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; 

∗∗∗∗p < 0.0001. 
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Chapter 4. Conclusion and Outlook 

4.1 Conclusion 

In conclusion, this thesis investigated living bioelectronic interfaces aimed at controlling 

inflammation and infection (Figure 4-1). Chapter 2 explored the use of LMs as bioactive 

interfacial components for immunomodulation. We developed a system called Active Bio-

Integrated Living Electronics (ABLE), which combines a bioelectronic framework with a hydrogel 

composite encapsulating Staphylococcus epidermidis. This living interface enables microbial-

driven intervention in psoriasis through the release of bioactive compounds. The hydrogel, 

prepared by thermally releasing amylose polymers, maintains bacterial viability through its 

viscoelastic extracellular matrix. When combined with electrophysiological and wireless sensors, 

ABLE enables simultaneous treatment and monitoring of inflammatory skin disease. 

Chapter 3 explored the dynamic interactions at the interface between electronics and living 

microbes at an electrified interface. The electrical excitability of S. epidermidis only emerged 

under acidic skin pH, suggesting that the bacterium’s electrical responsiveness is environmentally 

gated. Through selective excitability microbes could integrate subtle electrical signals from 

electronic devices, triggering excitatory responses that drives potent virulence suppression. We 

demonstrated the application of the excitable living biointerface for drug-free pathogen control.  

Together, these studies demonstrate the potential of living biointerfaces in managing 

complex biological conditions. While Chapter 2 pioneered different modes of integrating between 

bioelectronics and LMs (ie. LMs used as bioactive interfacial material), Chapter 3 delved into the 

‘mode of interaction’ between electronic devices and living microbes (ie. bioelectronic control of 
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bacterial excitation). These approaches led to effective strategies in inflammation and infection 

control.  

 

Figure 4-1. Summary of the thesis 

4.2 Outlook 

Looking forward, we anticipate that integration strategies between living and non-living 

components will continue to evolve, unlocking richer interactions and broader therapeutic 

applications. Interfacial mode of integration utilizes LMs as a soft, moisturized and bioactive 

interface between electronics and the tissue. This was demonstrated by our ABLE device (Chapter 
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2), which integrates S. epidermidis-encapsulated hydrogel for inflammation treatment and 

monitoring. Exploring different modes of integrating bioelectronics and LMs would be an 

important step towards diversifying the application of living bioelectronics. 

Another crucial step toward advancing the field of living bioelectronics would be to study 

and exploit interaction between bioelectronics and LMs. Bacterial response to electrified interface 

was thoroughly studied in Chapter 3, unlocking opportunities in drug-free suppression of 

opportunistic pathogen. We envisage that uncovering various microbial behaviors at the electrified 

interface will enable a next-generation biointerface with highly dynamic and reconfigurable 

properties. 
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