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Abstract: Interfacing electronics with neural tissue is crucial for understanding complex 

biological functions, but conventional bioelectronics consist of rigid electrodes fundamentally 

incompatible with living systems. The difference between static solid-state electronics and 

dynamic biological matter makes seamless integration of the two challenging. To address this 

incompatibility, we developed a method to dynamically create soft substrate-free conducting 

materials within the biological environment. We demonstrate in vivo electrode formation in 

zebrafish and leech models, utilizing endogenous metabolites to trigger enzymatic 

polymerization of organic precursors within an injectable gel, thereby forming conducting 

polymer gels with long-range conductivity. This approach can be used to target specific 

biological substructures and is suitable for nerve stimulation, paving the way for fully integrated, 

in vivo-fabricated electronics within the nervous system. 

 

One-Sentence Summary: A method is developed for metabolite-induced in vivo fabrication of 

substrate-free organic bioelectronics.  
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Main Text: Interfacing neural tissues with advanced digital and electronic instrumentation is one 

approach to probing the complex signaling characteristics of the nervous system. Even though 

several functional bioelectronic implants have been demonstrated, the rapid formation of scar 

tissue around the implantation site affects the lifetime, precision, and overall fidelity of the 

biological-electronic interface (1). The majority of these technologies are based on thin films, 

requiring a planar (or in some cases 3D-structured) substrate of varying stiffness. The material 

interfaces that such technologies necessitate – e.g., substrate-active material, active material-

encapsulation, etc. – introduce complexity and lead to the common failure mode of delamination 

of one or more layers. Successful long-term integration of neural stimulation and recording 

technologies thus relies on matching the electrical and viscoelastic characteristics of the device 

to those of the nervous system in a seamless manner.  

When designing a system complementary to the characteristics of the nervous system, 

bioelectronic electrode technology should extend far beyond the two-dimensional arrangements 

of lines and pads organized along hard, planar substrates that form the basis of classic electronic 

design. Various strategies have been undertaken to design electrodes that seamlessly connect to 

the structures of the nervous system. With the rise of flexible and soft electronics based on 

intrinsically electroactive conducting polymers capable of mixed ion–electron conduction, 

bioelectronic electrodes with matched impedance characteristics have been implemented on 

ultra-flexible and ultra-soft substrates (2). Electrodes based on conductive polymers (i.e., organic 

electronics) (3, 4) conformally integrate with the surface of the brain in animal models, and have 

been demonstrated for electrocorticography (5, 6). Even though soft and flexible electrodes allow 

for conformal contact with the brain and nerves, the substrate represents a major limitation to 

reach structures deep within the sensitive neural tissue in a minimally invasive way (7). To 

circumvent this limitation, conducting polymers have been formed within the target biological 
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system, introduced as monomers from a solution and polymerized in vivo to derive 

“impregnated” (8) electrodes and even bi-continuous amalgamations with neural tissue (9). 

However, polymerization requires chemical (10) and/or electrical (10) energy, which can 

potentially be harmful to sensitive neural tissue. To further advance the concept of in vivo 

polymerization, genetic engineering of an animal was carried out to express enzymes that 

promote local polymerization in specific cells in close proximity to the target tissue in vivo in the 

nematode C. elegans (11). Due to its reliance on genetic engineering, however, this technique 

cannot be ethically extended to humans to provide an advanced interface with the brain.  

Progress has been made on utilizing endogenous enzymatic activity to catalyze the oxidative 

polymerization of precursors to produce mixed ion–electron conduction polymers in vivo. The 

biocompatible precursors are based on an organic tri-thiophene-based monomer with a 2,5-

bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)thiophene (ETE) backbone, which is mono-

functionalized on the central thiophene with an ethoxy-1-butanesulfonic acid salt sidechain 

(ETE-S). The water-soluble tri-thiophene monomer has a low oxidation potential (~0.3 V vs 

Ag/AgCl), allowing for enzymatic polymerization in vivo (12). Endogenous peroxidase enzymes 

polymerize ETE-S in plants (13) and in the small freshwater animal Hydra vulgaris (14). The 

peroxidases utilize local H2O2 as a catalyst to produce radical monomers, which further 

polymerize and aggregate to form conducting polymers integrated with the tissue. 

There is a remaining leap that must be taken to produce a truly versatile mixed ion–electron 

conduction electrode system that would fulfill all the requirements for a self-organized in vivo 

neural interface system that is high-performing, minimally invasive, and stable. We propose that 

such electrode technology would exhibit the following characteristics: (a) dispensed as a fluid 

(15) that is compatible with the environment of the target neural tissue and can diffuse within a 
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desired distance of the injection site; (b) consists of, and generates, only non-toxic components to 

drive polymerization and cross-linking; forms an electrode that is (c) homogeneous, (d) long-

term stable and (e) gelled (soft) with (f) high conductivity and high volumetric capacitance while 

(g) conformally interfacing with neural structures at different length scales.  

We report an approach to produce self-organized, high-performing electrode structures within 

the peripheral and central nervous systems (PNS, CNS), which is applicable to a wide range of 

tissue and animal models. Our approach relies on the injection of a multi-component mixture that 

has been designed to fulfill all the criteria, a–g, listed above. The mixture includes: an ETE 

derivative with an ethoxy-1-acetic acid sodium salt sidechain (ETE-COONa: addressing a, b, d, 

f), poly(vinyl alcohol) (16, 17) (PVA: c, e), poly-L-lysine (18) (PLL: d, e, g), horseradish 

peroxidase (HRP: b), oxidase enzymes (ROx: b) (12, 19), and 1-ethyl-3-[3-

dimethylaminopropyl]carbodiimide / N-hydroxysulfosuccinimide (EDC/sulfo-NHS: d). The 

polymerization of ETE-COONa is mediated by the ROx/HRP enzyme cascade where the ROx 

consumes endogenous metabolites within the physiological target to produce H2O2 locally, 

which then serves as an electron acceptor in the oxidation of ETE-COONa by HRP. We show 

that by taking advantage of the enzymatic polymerization and cross-linking around nervous 

tissue, it is possible to fabricate soft electrodes in vivo in a broad variety of model organisms. 

Design, operating principle, and polymerization of gel electrodes.  

Unlike in plants (13) and hydra (14) where the endogenous environment promotes spontaneous 

ETE-S polymerization, the native environment in zebrafish brains does not efficiently 

polymerize ETE-S. We introduced neat ETE-S solution (2 mg ml-1 ETE-S in water) in extracted 

brains of zebrafish (Danio rerio) and allowed the polymerization to proceed over three hours. 

Fluorescence microscopy images from zebrafish brain slices showed that the injected ETE-S can 



 

6 

 

be excited with blue light (excitation: 485 nm, emission: 525 nm) (Fig. S1A). This fluorescence 

is attributed to aggregated but non-polymerized ETE-S (Fig. S1B). Since ETE-S is enzymatically 

polymerized by peroxidases in the presence of H2O2, in vivo polymerization in nerve tissue is 

limited either by the absence of peroxidases or H2O2, or both. 

To overcome this limitation, we devised a strategy to polymerize ETE analogs in various tissues 

and animal models. The concept allows for local production of H2O2 by oxidase enzymes, and 

subsequent polymerization of ETE-derivatives by peroxidase enzymes (12). The enzymes are 

introduced in the tissue, in which endogenous metabolites that are ubiquitous in nervous tissue 

fuel the enzymatic polymerization cascade. To improve the stability of the conducting polymer, 

we used a cocktail gel containing ETE-COONa (rather than ETE-S), oxidase enzymes (ROx: 

glucose oxidase (GOx) or lactate oxidase (LOx)), and HRP embedded in a PVA:PLL polymer 

matrix (Fig. 1A). EDC/sulfo-NHS was added in the gel to activate the carboxylic acid toward 

amide bond formation. Specifically, EDC/sulfo-NHS reacts with the carboxyl groups of ETE-

COONa to generate an intermediate ester (ETE-NHS, Fig. 1C, upper right) that reacts with the 

primary amine groups of PLL, hydroxyl groups of PVA, as well as other amine and alcohol 

groups that may exist in tissue (20). The gels are then introduced into the tissue to polymerize in 

situ and form soft electronic conductors (Fig. 1B). Metabolites from the tissue diffuse into the 

injected gels and ROx enzymes catalyze their oxidation, producing H2O2 as a byproduct in the 

presence of O2. Then HRP locally converts H2O2 to H2O and in the process ETE monomers are 

converted into radicals that undergo further polymerization. The polymerized ETE-NHS 

intermediates crosslink with the PLL to form a stable pETE-PLL conducting polymer gel 

electrode (Fig. 1C). The resulting electrode reaches a shape and configuration dictated by the 

diffusion and chemical kinetics of the components introduced into the target biological system, 

as well as the native microenvironment within that system. 
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The polymerization of ETE can be visualized optically or via fluorescence imaging. Cocktail 

gels with glucose oxidase (GOx) were injected in 0.6 % agarose gels containing 5 mM glucose. 

Agarose has been widely used to mimic the mechanical properties of the brain, and the GOx gel 

polymerizes fully at glucose concentrations >100 µM within a time-span of 45 min (Fig S2). The 

color of the injected solution transitioned from yellow to dark blue within seconds (Fig. 1, D and 

E, Movie S1). The dark blue color is distinctive for p-type semiconducting and conducting 

polymers. UV-Vis absorption spectroscopy further validated the formation of a doped 

conducting polymer. In solution, ETE monomers absorb light with a peak at 350 nm. At higher 

concentrations, the monomer will aggregate and shift the peak to 400-450 nm. Undoped polymer 

exhibits absorption between 500-600 nm and absorbances >600 nm corresponds to doped 

polymer. UV-Vis spectra of the injected gels in agarose showed that the absorption peak at 350 

nm decreased over time, and a broad absorption band with a maximum at 850 nm (and extending 

beyond 1000 nm) increased over time. This broad peak is in part composed of polaron transition 

bands (13, 21), indicating the formation of a doped conducting polymer (Fig. 1F). Rheology 

measurements of the gels before and after polymerization were performed and show that the gels 

have low viscosity. Post polymerization, the increase in viscosity implies the formation of a soft 

polymer network (Fig S3).  

We additionally injected gels into agarose using an Au-coated microcapillary and monitored the 

ETE monomer fluorescence (excitation: 350 nm, emission: 450 nm), over time (Fig. S4, A and 

B). Time lapse imaging in fluorescence mode showed a depletion of non-polymerized monomer 

at the injection site. During injection of the gel into the agarose with 5 mM glucose, fluorescence 

increased rapidly, followed by a 99% decay in intensity within one minute indicating initial 

diffusion and subsequent polymerization of ETE (Fig. S4, C and D, Movie S2). In agarose 

without glucose, the fluorescence intensity dropped by 20% after injection of the gel, likely due 
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to diffusion and subsequent dilution of the monomer (Fig. S4, E and F, Movie S3). In glucose-

containing agarose, the impedance measured using the Au-coated capillary dropped significantly 

after injection of the polymer (Fig. S4, G and H), indicating effective in situ formation of 

conducting material. 

Electrical properties of gels 

All cocktail gels were prepared by mixing the individual components in MES buffer at pH 6.9. 

During mixing, however, strong electrostatic interactions between the negatively charged ETE-

COONa or ETE-NHS, the medium, and the positively charged lysines of PLL, HRP, or both, 

resulted in the formation of particulates, which produced a cloudy suspension (Fig. S5, G and H). 

The effect was more pronounced with increased concentrations of ETE and PLL. Density 

functional theory (DFT) and molecular dynamics calculations (Fig. S5) confirm the aggregation. 

In the absence of PLL, ETE-NHS molecules aggregate through - stacking (Fig. S5, A and B). 

In the presence of PLL, however, the sulfonate group of ETE-NHS intermediate interacts mainly 

via Coulombic interactions with the charged group of the lysine, resulting in aggregation 

between a PLL chain and a manifold of ETE-NHS monomers (Fig. S5, B, C, and D). 

Aggregation between ETE-NHS molecules still occurs to some extent in the absence of PLL, but 

to a lesser degree (Fig. S5, E and F). To reduce the aggregation and improve the homogeneity of 

the suspension, PVA was added with the intent of balancing the charge on the PLL (17) (Fig S5, 

G and H). The addition of PVA notably enhanced the solubility of the ETE and PLL mixture 

(17), resulting in a solution that was visibly clear for concentrations of ETE-NHS up to 8 mg ml-1 

(Fig S5, G and H). 

The electrical characteristics of the conducting gels are highly dependent on gel formulation. We 

studied the electrical characteristics of the gels for different ETE-NHS concentrations using Au 
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microelectrode arrays (MEAs) patterned with a double layer of parylene C (PaC) (22, 23) (Fig. 

2A). Gel cocktails were drop-cast on top of the MEAs and allowed to dehydrate for 10 min. 

Upon the addition of 5 mM glucose, the gels polymerized (Fig. S6A). For further 

characterization steps, the area of the formed conducting polymer gel was defined through PaC 

peel-off (of the top PaC layer) (22) after the gels were polymerized and dried (Fig. S6B). During 

polymerization, a small voltage of 0.1 V, which does not induce polymerization, was applied 

between two adjacent Au electrodes (Fig. S6C). An increase in current exhibiting sigmoidal 

behavior was measured with a delayed onset of typically 500 seconds after addition of glucose 

(Fig. S6D). The time at which current onset occurred depended on the concentrations of 

enzymes, metabolites, and supporting biopolymers. However, the maximum current level was 

primarily dependent on the concentration of ETE-monomer. 

Both conductivity and capacitance increased while increasing ETE-NHS concentration up to 8 

mg ml-1, and peak values of conductivity σ = 0.25 S cm-1 and specific capacitance Cv = 25 F cm-3 

(Fig. 2B) were measured. The measured conductivity values, however, did not represent the 

maximum conductivity of the gels, as they could be further doped electrochemically. To 

illustrate this concept, we used the gels as channel materials in organic electrochemical 

transistors (OECTs) (Fig. S6E). We found that the drain current at zero gate voltage was low, 

and that Id increased for negative gate voltages. The increase in the current indicates that the gels 

were not intrinsically fully doped (Fig. S6F). We believe that this was the case because post-

polymerization, the carboxyl/sulfo-NHS groups of ETE-NHS were bound to the amine groups of 

PLL and thus could not self-dope the polymer.  

Stability and biocompatiblity 
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Apart from the electrical properties, long-term structural stability is an important feature of the 

formed gels when interfacing with biological structures. We designed the gels such that the 

formed polymer would be crosslinked. To test the stability, glucose-induced gels were 

polymerized on top of MEAs. After the formation and characterization of the conducting gels, 

the coated MEAs were sonicated in DI water for 10 minutes to induce harsh mechanical stresses. 

Cyclic voltammetry pre- and post-sonication showed that ETE-NHS based gel films did not lose 

electrical or electrochemical characteristics after this treatment (Fig. 2C, solid lines). In contrast, 

when ETE-S was used as the monomer in the gels, the ETE-S based films lost most of their 

capacitance after sonication (Fig. 2C, dotted lines). The stability of the ETE-NHS based films 

and degradation of ETE-S based films could also be visually observed before and after 

sonication (Fig. S7, A-D).  In addition to these mechanical fatigue tests, the devices were 

imposed to repeated voltage cycling (1000 cycles) without significant loss of capacitance (Fig. 

S7E). Finally, ETE-NHS patterned polymer gels were incubated with PC-12 cells for 72 hours 

without loss of electrical performance (Fig. S7F). These complementary findings indicate that 

ETE-NHS does indeed covalently bind to PLL and crosslink the bulk of the gel films, allowing 

for long-term stability. 

Finally, gel formulations were optimized for biocompatibility. The gel electrode system can 

potentially induce toxicity in sensitive tissues either through exposure to individual reactants or 

due to the chemistry associated with the actual polymerization mechanism. Although we expect 

most activated ETE-NHS monomers to bind to PLL, unbound monomers may diffuse away from 

the gel to the surrounding tissue with potentially toxic effects. Moreover, ROx enzymes can 

continuously turnover metabolites and produce high amounts of H2O2 that can be cytotoxic (24). 

We prepared three different gel formulations: (i) ETE-NHS without enzymes, (ii) ETE-NHS + 

LOx, and (iii) ETE-NHS + LOx + HRP.  Organic electrochemical transistor-based H2O2 sensors 
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(with gates modified with platinum nanoparticles to catalyze H2O2) (24, 25) were used to verify 

and compare levels of H2O2 production with and without HRP (Fig. S8, A-D). Conditioned 

media incubated with gels showed increasing H2O2 with increasing incubation time until all 

present metabolites were consumed. We saw that a ratio of 27:1 units of HRP:LOx produced an 

optimal amount of H2O2 (i.e.: less than 100 µM) for this specific system, so this ratio was used 

for further cell experiments. Fluorescent images and UV-Vis spectra show that only the gels with 

a combination of ETE-NHS + LOx + HRP were non-fluorescent, indicating that the ETE 

polymerized in conditioned cell media (Fig. S9, A-C). For non-polymerized gels, ETE 

monomers diffuse through the media and subsequently attach to, or pass through, the cell 

membrane when the conditioned medium was used to incubate PC-12 cells (Fig. 3, A and B). 

The diffused monomers were found to be non-toxic to cells (Fig. 3C, first bin). The LOx activity, 

however, was toxic to cells due to the excessive production of H2O2 (Fig. 3C, second bin). The 

gels with optimized HRP:LOx ratios activities were shown to be significantly better for cell 

viability survival than the gels without HRP (Fig. 3C, second and third bins).  

In vivo polymerization in zebrafish brain, fin, and heart  

Gels were injected in live zebrafish to validate the enzyme-triggered in vivo polymerization. 

Anesthetized albino zebrafish were used as a model to visualize polymerization due to their 

versatility and general transparency. Cocktail gels (~100 nL) injected into the tailfins 

polymerized in vivo resulting in a distinct dark color along the whole length of the fin cavities 

(Fig. 4A). Glucose and lactate were both shown to act as catalysts for polymerization, with 

lactate inducing a relatively faster polymerization, presumably due to its higher concentrations in 

zebrafish tissues (Fig. 4B, and Movie S4) (26).  
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The versatility of this approach is highlighted in gels injected into the zebrafish brain. Cocktail 

gels with LOx (HRP:LOx, 26:1 U/ml; ~10 nL total volume) as the oxidase enzyme were injected 

into the brain of anesthetized zebrafish (Fig. 4C). Post injection, zebrafish were left to swim for 

three hours. The brains were then extracted, dissected, and brain slices were prepared. The dark 

blue polymer could also be seen optically on fixed brain slices (Fig. S10A). In contrast, a yellow 

color was observed on brain slices where only neat ETE-S solution was injected (Fig. S10B). 

UV-Vis spectra from brain slices that optically exhibited signs of polymerization showed an 

absorption spectrum with a peak at 600 nm and no peak at 350-400nm (Fig. 1F, Fig. S10C) 

indicating depletion of the trimers and polymer formation with semiconducting behavior. The 

brain slices were then placed on top of MEAs to characterize their electrical behavior (Fig. 4D). 

Measurements were performed in regions where dark spots were observed along the brain slices 

(Fig. 4E). In dehydrated brain slices, a linear (ohmic) current was observed when a small voltage 

between -0.5 V and 0.5 V was applied (n = 3 brains). The magnitude of the current was higher 

than in control tissue samples (Fig. 4F). When cocktail gels with GOx as the oxidative enzyme 

were injected into the brain of zebrafish, however, no polymerization occurred. Optical 

inspection of the brain slices showed no sign of a dark blue region. The poor performance of 

GOx-containing gels were expected as zebrafish brains, much like their human counterparts, are 

known to have low glucose and high lactate concentrations  (26, 27). UV-Vis spectra from brain 

slices that optically exhibited signs of polymerization showed a wide absorption spectrum with 

from 550 nm until 950 with a peak at 600 nm. These gels do not have peaks at 350-400 nm, in 

contrast to an injected ETE-S solution (Fig. 1F, Fig. S10C).  

To better visualize the in vivo polymerization induced by lactate versus glucose, whole brains 

were extracted, dissected in half, and immersed in cocktail gels (Fig. S10D). In gels with LOx, 

the interface between the solution and the dissected part of the brain turned dark blue (Fig. 
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S10E). In gels with GOx, no change in color was observed (Fig. S10F). The brains were 

subsequently placed on top of patterned metal electrodes to examine the electrical behavior of 

the dark-colored regions. The brains were placed with the dissected part, corresponding to the 

interior of the brain, facing the electrodes (Fig. S10, G and H). In brains that were soaked in LOx 

gels, a linear current was observed when a voltage sweep was applied (Fig. S10I, red line). The 

magnitude of the current could reach microamperes with linear behavior for both wet and dry 

samples. No current was observed in brains that were immersed in GOx cocktail gels (Fig. S10I, 

black line).  

Moreover, LOx-based gels appeared to be non-toxic. Gels based on LOx were injected into the 

brain of anesthetized zebrafish. Post-anesthesia, the zebrafish were left to swim for 72 hours with 

the injected gels (n = 9). The fish suffered no mortalities, and we did not observe any changes to 

the zebrafish swimming behavior or general appearance (see Materials and Methods). To 

investigate the impact of the gels on the brain tissue, the brains were extracted after 48h and were 

serially sectioned (14 µm thickness). Alternate sections were stained with Methylene 

Blue/Thionine (MB&T) or Hematoxylin/Eosin (H&E). Polymer was observed in the granular 

cell layer of the cerebellum (corpus cerebelli) without any signs of structural tissue damage due 

to the injection or the formed polymer (Fig. S11).  

 

Zebrafish hearts were also extracted and immersed in cocktail gels. In gels with either GOx or 

LOx, dark blue lines were observed on the surface of the hearts, meaning both glucose and 

lactate induced polymerization in the zebrafish heart. The glucose-induced polymerization was 

overall slower compared to lactate. The polymerization in the heart did not occur everywhere, 

but rather threaded structures along the surface of the heart were observed, with the structures’ 

size increasing over time (Fig. 4,G and H). We speculate that the cocktail gel polymerizes in 



 

14 

 

regions in which exchange of glucose or lactate between the heart tissue and the surrounding 

electrolyte occurs, e.g., around coronary arteries. This is expected, as local tissue glucose levels 

often co-vary with local blood flow (28). The polymerization and formation of the threaded 

structures was more prominent in heart samples that were incubated in gels with LOx (Fig. 4I). 

The hearts were removed from the LOx gels and then integrated with MEAs. A linear current 

response to the application of a linear voltage sweep, following Ohm’s law, was apparent for 

hearts incubated in LOx gels, but not evident for the electrolyte-only controls (Fig. 4J). In 

addition to electrical functionalization, the selective polymerization, in combination with local 

coloration from monomer to polymer transition, may be of utility for local staining in regions of 

interest. 

These findings highlight that the formation of electronic conductors fueled by endogenous 

metabolites can develop soft electronics in various biological tissues and environments. In fact, 

we injected gels with GOx and LOx in tenderized beef, pork, and freshly killed chicken muscle, 

observing polymerization in all tissues explored (Fig. S12 and Movie S5). In a plant-based tofu 

sample, polymerization is inefficient or does not occur due to the lack or low concentration of 

specific metabolites (Fig. S12). Due to the abundance of metabolites and neurotransmitters in 

animal models and their corresponding enzymes, in vivo polymerization and formation of 

conductors is not limited to a specific tissue or model, and large local variations in metabolite 

concentrations between and within animal tissues (e.g., glucose levels have been reported to vary 

from 0.4 mM in the lower respiratory tract (29) to up to 500 mM in the lumen of the small 

intestine (30)) should allow for structure-specific polymerization as long as a suitable oxidase 

can be employed. 
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Ex vivo polymerization around the nervous system of medicinal leeches as an in-situ 

electrode area extension 

For neuroscience applications, conducting polymers have been extensively used as coatings on 

implantable metal electrodes to improve recordings and stimulation in the CNS or PNS because 

they reduce the electrochemical impedance of metal electrodes by increasing their electroactive 

surface area. This benefit is more prominent for micrometer-sized electrodes where impedance 

becomes a limiting factor. Moreover, conducting polymers are softer than conventional electrode 

materials and are thus less prone to triggering an immune response in the tissue. 

As a proof of concept, we first attempted to induce ex vivo polymerization of gels at the interface 

between nervous tissue and Au electrodes to reduce their impedance. We used medicinal leeches 

(Hirudo medicinalis) as models due to their simple, easily accessible, and well-characterized 

nervous system. Drop-cast gels with LOx as the primary enzyme polymerized around the 

connecting nerve of the leech (Fig. 5, A and B), and in the leech muscles in the span of 5-15 

minutes (Fig. S13), while gels with GOx did not polymerize (Fig. S13). As in zebrafish brains, 

lactate concentrations in leeches are higher than those of glucose (31). 

Patterned Au electrodes on a flexible PaC-based probe were used to interface with the leech 

nerve via gels polymerized around the nerve. A printed circuit board (PCB) was applied as an 

interface between the electrode probe and the recording system (Fig. S14 E). Each probe 

comprised eight electrodes in total, each electrode with an area of 450×200 μm2 and 50 µm 

spacing between adjacent electrodes (Fig 5C). The Au electrodes were placed 1-2 mm away 

from the nerve (with the probe substrate placed under the nerve), and 2 μl of LOx-based ETE 

cocktail gel was drop-cast on top of the electrodes and around the nerve. The color of the drop-

cast solution changed from white to dark blue over time, and the polymerized gel surrounded the 
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nerve while also covering the Au electrodes (Fig. 5, D-F). When the presence of the probe 

prevented metabolites from reaching the gel, blood was manually transferred on top of gel. 

During polymerization, the impedance of the Au electrodes was monitored using electrochemical 

impedance spectroscopy (EIS) versus a reference metal electrode in the leech muscle (Fig. 5G). 

This impedance reduced significantly with a phase shift towards lower frequencies (Fig. 5H), 

indicating increased capacitance of the electrode. In this case, the reduction in impedance was 

caused by the presence of the conducting polymer itself along with the contribution of multiple 

metal electrodes (of the 8 total on the probe) being interconnected through the in situ formed 

conducting polymer. The connection between Au electrodes was also verified by applying a 

voltage sweep between two adjacent electrodes, which resulted in a linear current 50 min after 

deposition of the cocktail gel (Fig. 5I, red line). No current was observed two minutes after 

deposition of the gels (Fig. 5I, black line). To verify that the polymer itself can reduce the 

impedance of individual electrodes as well, we also patterned gels on top of individual Au 

electrodes on the flexible probe by employing a parylene peel-off technique (Fig. S14, A and B) 

and induced polymerization with a lactate-containing solution (Fig. S14C), which decreased the 

impedance of the gel patterned Au electrode at low frequencies (Fig. S14D). These impedance 

measurements agree with studies in which conducting polymers increase the capacitance of Au 

electrodes (22).  

The patterned polymer electrodes were then used to investigate if the polymerized gel could act 

as an extended electrode to stimulate the connecting nerve and induce muscle contractions in the 

semi-intact leech model (Fig S14E). When a control Au electrode on the flexible probe was 

placed 1-2 mm away from the nerve, stimulation with 250 cathodic current pulses (100–300 µA, 

1 ms duration, 30 Hz) resulted in clear muscle movements, with a response frequency of 50-60% 

(Supplementary Table 1). Equivalent movement response occurred with the polymerized 
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patterned gel electrodes (Movie S6). There was no obvious difference in the stimulation 

threshold when the polymerized patterned gel was in contact with the nerve from underneath 

(Fig. S14E, Table S1). To test more precisely if it is possible to stimulate the nerve with the 

patterned gel as an extended electrode, a nerve model suitable for more fine and robust 

electrophysiological measurements would be preferable. However, although, the current 

threshold did not change, the voltage output for patterned gels was ~0.5 V and capacitive in 

nature (Fig. S14E) whereas the required voltage for the Au electrode alone was ~2 V. Capacitive 

charge injection is in general preferable compared to faradaic because it prevents redox reactions 

that can create or deplete chemical species in the biological environment (32). Overall, in the 

leech experiments, we demonstrated that the concept of in vivo polymerized gels is still under 

exploration and needs optimization before stimulating nerves (e.g., gel area, speed of 

polymerization, nerve model, etc.). However, we demonstrate that polymerized gels can indeed 

improve the properties and performance of current electrodes by, for example, lowering the 

electrode impedance and minimizing or eliminating faradaic charge injection during stimulation. 

Since the relatively large Au electrodes and gels were not suitable for low amplitude and high-

frequency recording, it was not possible to use them for electrophysiological recordings in the 

leech system.  

A strategy for enzymatic polymerization fueled by endogenous metabolites for in vivo formation 

of substrate-free organic electronics, in both vertebrate and invertebrate models, was reported. 

Gels containing enzymes and small electroactive monomers were injected into the biological 

tissue and endogenous metabolites induced polymerization of the monomers. This resulted in 

organic electronic gels without the requirement of a rigid – and thus inherently 

biologically/rheologically incompatible – substrate material. Such in vivo-manufactured gel 

electrodes were demonstrated in agarose gels, cell culture, zebrafish and leech model systems, 
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mammalian muscle tissue, and as the channel material in OECTs, demonstrating the broad 

versatility of the endogenously fueled polymerization method. From spectroscopic, electrical, 

mechanical, and neurophysiological investigations, we conclude that the developed electrode 

technology forms a biological-electronic amalgamation with precisely the performance and 

compatibility characteristics required for seamless integration with living systems, going far 

beyond the current state of the art in thin-film and/or substrate-based bioelectronics. The gel 

formulation was optimized for conducting polymer gels with high stability and biocompatibility. 

Due to the plethora of metabolites, our method is not limited to specific biological models but is 

rather universal and could be tailored to match local fluxes of endogenous substances matched to 

their corresponding oxidase enzymes (metabolites, neurotransmitters, other biomarkers). 

Furthermore, the endogenous compound-fueled polymerization method does not necessitate 

genetic manipulation of target cells or tissue, making it more easily translatable. In addition, 

selective polymerization combined with the color change ensuing from monomer to polymer 

transition may be of utility for local staining in regions of interest. We believe that these locally 

and in vivo formed organic electronic systems promise a paradigm shift in the development and 

interface of electronics with biology, seamlessly blurring the distinction between the biological 

and technological/electronic materials and systems. 
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Fig. 1. In vivo polymerization of conducting polymer gels induced by endogenous 

metabolites. (A), Schematic representation showing the gel components. Each component 

contributes to the process of polymerization or crosslinking. (B), Polymerization occurs 
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dynamically in the CNS after the introduction of the gel. (C), Schematic of the in vivo 

polymerization mechanism. (D), Cocktail gel (yellow/brown color) injected in agarose gel 

containing 5 mM glucose and (E), subsequently polymerized (turning dark blue) after 10 min. 

Scale bars 1 mm. (F), UV-Vis spectra from cocktail gels injected into agarose 1 min after 

injection (black line) and 120 min after injection (red line) (n=1). 

 

 

Fig.2. Electrical and electrochemical stability. (A), Schematic of the electrochemical platform 

used to characterize the electrical, electrochemical, and stability properties of the polymerized 

gels. (B), Conductivity and specific capacitance as a function of monomer concentration (n = 3). 

Datapoints are represented +/- standard deviation. (C), Cyclic voltammetry of ETE-COONa with 

sulfo-NHS (ETE-NHS) vs ETE-S gel films before and after the platforms were sonicated for 10 

minutes in DI water (n=3). 
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Fig. 3. Cell biocompatibility. (A), Confocal fluorescent images of cultured PC12 cells in control 

media without ETE or enzymes. WGA (red) was used to stain the cell membranes. Scale bar: 20 

µm. (B), Confocal fluorescent images of cultured PC12 cells in media incubated with cocktail 

gels containing ETE-COONa with NHS (ETE-NHS) and LOx for 24 hours, showing 

unpolymerized monomer uptake by the cells. Red structures are cell membranes and blue 

structures represent ETE-monomers. Scale bar: 20 µm. (C), Live/dead assay of cells incubated 

with media pre-conditioned with gels containing ETE and various combinations of cocktail 

enzymes. Data are presented as means ± standard deviation. Kruskas-Wallis was used to test 

significance. P-value 0.0332 (*), 0.0021 (**) after comparison of all means (n=6 for each group). 
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Fig. 4. In vivo polymerization in zebrafish. (A), Photograph of an anesthetized albino zebrafish 

with gel polymerized in the fin. (B), Time-lapse microscope images from a zebrafish fin during 

polymerization of gels. (C), Schematic showing injection of gel into zebrafish brain. (D), 

Schematic of a zebrafish brain slice integrated with Au metal electrodes for electrical 

measurements. (E), Microscope image of brain slice integrated with metal electrodes for 

electrical measurements. Scale bar: 200 μm. (F), Current/voltage characteristics from brain slice 

samples on Au electrodes (electrode spacing: 15 µm) (n=3). (G, H), Microscope images of 

extracted zebrafish heart immersed in cocktail gels with GOx as oxidase enzyme. (I), 

Microscope image of a heart that is immersed in cocktail gels with LOx as the oxidase enzyme. 

(J), Electrical measurements from a zebrafish heart on Au electrodes (20 µm spacing) compared 

to PBS electrolyte control. The heart was previously immersed in gels with LOx for 120 min 

(n=3).  



 

31 

 

 

Fig. 5. In vivo polymerization around the nervous system of medicinal leeches and the 

dynamic change of electrochemical properties on flexible probes. (A), Leech with 

polymerized gels, induced by lactate, around its central nerve. (B), Close-up of the polymerized 

gel from (A). (C), Microscope image depicting the flexible PaC based probe with 8 patterned 

electrodes. The Au line interconnects are insulated with PaC. Dashed white lines show the edges 

of the probe. The PaC substrate is extended beyond the Au electrodes. scale bar 500 μm. (D-F), 

Change in the color of the conducting gel from clear to dark blue on top of the flexible probes 
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over one hour. Scale bars 2.5 mm. (G), Schematic of circuit connections on the Au electrodes for 

measurement of EIS and current between Au electrodes (after connection via the polymerized 

gel). (H), EIS measurements of all Au electrodes 2 min (black) and 50 min (red) after gel 

deposition (Z is solid line, phase is dotted line; n=1). (I), Current-voltage characteristics between 

two adjacent electrodes after 2 min (black) and 50 min (red) of gel deposition (n=1). 
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Materials and Methods 

Chemicals: Chemicals were purchased from Sigma: poly-l-lysine hydrobromide m.w. 150-300k (P1399), polyvinyl 

alcohol m.w. ~9000-10000 (363065), glucose oxidase (G8141), lactate oxidase (L9795), horseradish peroxidase 

(P8125), N-hydroxysulfosuccinimide (sulfo-NHS: 56485). 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide (EDC: 

22980) was purchased from ThermoFisher Scientific. 

 

Synthesis of ETE-X: Detailed synthesis and characterization information of monomer ETE-COONa can be found in 

the section supplementary text below. ETE-S monomer was synthesized according to our previously reported 

experimental protocol (34). 

 

Gel preparation: We prepared stock solutions: PVA 20 wt.%, PLL 10 mg/ml, GOx or LOx 10mg/ml, HRP  

10mg/ml, ETE-COONa 30 mg/ml, and EDC/sulfo-NHS 50 mM. PVA and PLL stock solutions were prepared in DI 

water. A homogeneous PVA solution was achieved by heating. All enzymes, ETE-COONa, and EDC/sulfo-NHS 

stock solutions were prepared in MES buffer adjusted to pH 6.9. PVA was added in solutions prior to PLL in order 

for aggregation to be minimal. Gels with final concentrations of PVA 2wt%, ETE-COONa 1-12 mg/ml, HRP 1-2.5 

mg/ml, GOx 1-2.5 mg/ml, EDC/sulfo-NHS 5 mM, and PLL 1 mg/ml were prepared by adding and mixing 

appropriate amounts of the corresponding stock solutions. The order of addition occurred as written above.   

 

Optical and fluorescence measurements: Simple fluorescence images were taken with the ZOE fluorescent cell 

imager (Bio-Rad Laboratories). Widefield fluorescence imaging was performed with a Ni-E Upright Motorized 

Microscope (Nikon) equipped with a Zyla sCMOS camera (Andor Technology). The source of illumination was a 

Lambda DG-4 ultra-high speed wavelength switching illumination system (Sutter Instrument). Confocal imaging 

was performed with a Zeiss LSM 980 with Airyscan 2 (Carl Zeiss AG). Brightfield imaging was done using a Nikon 

SMZ1500 microscope.  Absorbance microscopy was obtained using a Nikon Eclipse L200 N optical microscope 

(halogen lamp 50 W). Transmitted light was collected from the camera with a guiding light (optical fibre 200 μm) 

connected to a spectrophotometer (OceanOptics, HR 4000, USA) and absorption spectra (300–1000 nm) of selected 

regions were acquired. Collected spectra were averaged from 5 successive spectra obtained with an integration time 

of 100 ms. Datapoints under 400 nm and above 900 nm were removed, since they are at the edge of the range of the 

spectrometer and induced a lot of noise.  

 

Rheology measurements: 1.2 ml of gel (PVA 2%, PLL 1 mg/ml, ETE-COONa 8 mg/ml, HRP 200u/ml, GOx 10 

u/ml) were integrated with a Malvern Kinexus rheometer. Shear strain ramp from 1 to 100 rpm was applied to the 

system at 25 °C. Three measurements were performed per sample for pre-polymerized and post-polymerized gels. 

The extracted data were analyzed by a custom Python script.  

 

Assessing the effect of glucose concentration on gel polymerization: Gels were prepared as described above. 10 µl 

gel was added to 7 different wells. Every well was filled with 200 µl PBS with a different glucose concentration (0 

µM – 1mM) and left for 45 minutes, after which absorbance spectra were taken.  

 

Cell culture: PC-12 (ECACC Cat# 88022401, RRID:CVCL 0481) cells were purchased from Sigma Aldrich. PC-12 

cells are rat pheochromocytoma cells, that are extensively studied and therefore well characterized as a neuronal 

model. They were cultured in Gibco’s RPMI 1640 with L-glutamine (Thermo Fisher Scientific, cat. no. 21875034), 

supplemented with 10% Gibco’s horse serum (HS, Thermo Fisher Scientific, cat. no. 16050122) and 5% Gibco’s 

fetal bovine serum (FBS, Thermo Fisher Scientific, cat. no. 26140079). The cells were grown at 37 °C in a 

humidified atmosphere with 5% CO2 and were passaged every other day. 

 

Cell staining: 200,000 cells were seeded overnight on a PLL-coated cover slip before incubation with the desired 

medium. After incubation, cells were treated for 10 min with Image-iT fixative solution (4% paraformaldehyde) 

(Thermo Fisher, Cat. No. R37814). After incubation, the cells were washed 3 times and then incubated for 15 min 

with 5 µg/ml Wheat Germ Agglutinine conjugated with Alexa fluor 555 (Thermo Fisher, cat. No. W32464). The 

samples were washed again before they were mounted on microscopy slides for imaging.  

 

Toxicity tests: First, conditioned medium was created. 2 µl of gel was added to a 96-well plate and 200 µl of 

Gibco’s RPMI 1640 with L-glutamine medium (complemented with 10% HS and 5% FBS) was added to the gel. 

After 90 min of incubation, 100 µl of the conditioned medium was transferred to the cells.  

To examine the cytotoxic effects of the gels on PC-12 cells, a fluorescent live/dead viability kit for mammalian cells 

was used (Thermo Fisher Scientific, cat. no. L3224). A 96-well plate was coated with 0.01% PLL for 10 minutes 



 

35 

 

before the cells were added (20,000 cells/well). After 24 hours, the medium was replaced with the conditioned 

medium. The cells were incubated with the conditioned medium for 24 hours and after that the toxicity was assessed 

using the kit according to manufacturer’s instructions. The cells were imaged using a Zoe fluorescent cell imager 

(Bio-Rad Laboratories). We provided 3 biological replicates per test and 2 technical replicates. Statistical analysis 

was performed using GraphPad Prism. The Kruskal Wallis statistic was used followed by Dunn’s multiple 

comparisons test and the p-values were adjusted for multiple comparisons. 

 

Multielectrode array fabrication: Microelectrode arrays were developed based on parylene-C (PaC) protocols (35, 

36). Chromium (5 nm thickness) and gold (50 nm thickness) were evaporated on glass or parylene substrates. A 

photolithography step with S1805 was performed to define the patterns following standard protocols: spin speed 

3000 rpm for 30 s, baking at 115 °C for 30 s, UV exposure for 2 s with 10 mJ cm-2, development 30 s in MF 319 

developer. The samples were rinsed in DI water and dried with N2. The samples were then immersed in Au etchant 

to remove the Au and then in Cr etchant to remove the chromium. The photoresist was then stripped with acetone 

and the substrates were activated with O2 plasma (Oxford Instruments) for 2 min with conditions of power 100, 

pressure 600 mtorr, and O2 flow 500 sccm. A PaC layer with 2 µm thickness was deposited as an insulating layer by 

using a Diener coater. A drop of silane A-174 was added in the deposition chamber. A 2-3% micro-90 solution was 

spin coated at 1000 rpm for 30 s and left to dry in air. A second parylene layer of 2 µm was deposited as a sacrificial 

layer to pattern the gels. A second photolithography step with AZ10XT photoresist and plasma step (power 160, 

pressure 200 mtorr O2 flow 500 sccm CF4 flow 100) etched the two layers of PaC to pattern the channels. Prior to 

gel deposition, a monolayer of (3-glycidyloxypropyl)trimethoxysilane (GOPS) was deposited through chemical 

vapor deposition onto the MEA substrates. The epoxy group of GOPS bind to the primary amines of PLL exposed 

on the surface and thus adhere the gels to the substrate. For OECTs that were developed to measure H2O2, 

PEDOT:PSS solution (10 ml PEDOT:PSS with 5 wt% ethylene glycol, 20 µl dodecylbenzene sulfonic acid, and 1 

wt% 3-glycidoxypropyltrimethoxysilane) was spin coated, baked at 100 °C for 1 min, and patterned with peel-off of 

the sacrificial PaC. Then, the OECTs were baked for 45 min at 140 °C. Platinum was electrodeposited through a 

chloroplatinic acid solution (5 mM PtCl4 and 50 mM H2SO4) by applying at the gate of the OECT a cathodic voltage 

V= -0.2V vs Ag/AgCl reference electrode and a Pt mesh counter electrode for 60 seconds (37). Prior to 

measurements, calibration curves were performed by the addition of incubated media with increasing amounts of 

H2O2 (Fig S8B). Media with added H2O2 modulates the drain current proportionally to the H2O2 concentration. 

 

Flexible probe fabrication: The fabrication of the flexible probes was similar to the fabrication of the microelectrode 

arrays. The main differences were the device fabrication on top of a PaC substrate and the definition of the probe 

outline. A ~2 µm thick layer of PaC was deposited on clean glass microscope slides. Afterward, a photolithography 

step to pattern the metal contact lines was carried out using a negative photoresist (AZ nLoF), a SUSS MA6 UV 

contact aligner with i-line filter, and AZ MIF 729 developer. Following thermal evaporation of a 2 nm Cr adhesion 

layer and 100 nm of Au, a lift-off process was carried out in an acetone bath to remove superfluous metal. A surface 

plasma treatment was then applied (50 W, O2), followed by deposition of a ~1.5 µm PaC layer with 3-

(Trimethoxysilyl)propylmethacrylate present in the chamber to act as an adhesion promoter. This PaC layer provides 

electrical insulation of the contact lines. A photoresist etch mask (AZ 10XT, AZ developer) was patterned to define 

the outline shape of the final devices and a reactive ion etch (RIE) plasma etch step (O2/CF4, 150W) was used to 

etch the substrate and insulating PaC layers. The resist mask was stripped using a rinse in acetone, followed by a 

brief rinse with isopropanol and DIW. A dilute soap solution (2 % v/v in DIW) was spin coated onto the sample 

surface at 1000 RPM and after drying a sacrificial PaC layer (~2 µm) was deposited. A photoresist mask and RIE 

process were used to provide contact to the backend contacts as well as the electrodes. The area of each individual 

electrode was 450 μm ×200 μm and 50 µm spacing between adjacent electrodes. The probes were substrates that 

were soaked in DIW to facilitate delamination of the probes from the surface. For patterned polymer solutions on 

probes, 2 μL of the cocktail solution was drop cast onto the probes. The solution was left to dehydrate in room 

temperature. Post dehydration, the sacrificial PaC was peeled off removing the excess of the cocktail solution from 

the non-patterned areas. It may be noted that in the case of drop-cast gel solutions onto the electrodes (Fig. 5, D-F), 

no sacrificial PaC layer is necessary. 

 

DFT and molecular dynamics simulations: The optimization of the geometry for ETE-NHS was performed with the 

Gaussian 09 software package using density functional theory with the B3LYP exchange-correlation functional (38) 

in combination with the 6-31G* basis set (39). Topologies for the MD simulation were created using the LEaP 

program from the DFT calculations and general amber force field (GAFF) parameters were derived including RESP 

charges (40, 41). All simulations were carried out using the GROMACS program. 
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To study the aggregation of ETE-NHS, 200 molecules were placed in a random position in a box of 15×15×15 nm3 

and solvated with water molecules using the TIP3P water model. To compensate for the negative charge of ETE-

NHS, the box was neutralized with Na+ ions. To investigate the influence of poly-L-lysine, we built a box of 

20×20×20 nm3 including 10 chains of 20 lysines and 200 ETE-NHS molecules. Both systems were equilibrated in 

the NPT ensemble for 1 ns with a time step of 2 fs. For the equilibration, the temperature of the system was kept 

constant at 300 K with a velocity-rescaling thermostat (42) and Berendsen barostat (43). For the production run, the 

temperature of the system was kept constant at 300 K with a Nose-Hoover thermostat (44), and the pressure was 

coupled to a Parrinello-Rahman barostat at 1 atm (45). The aggregation process was followed for 50 ns. Positions 

and energies between ETE-NHS, PLL, and solvent were saved during the trajectories for analysis. The spatial 

distribution functions for the last 10 ns of the dynamics were obtained by using the tracking internal frames of 

reference method (46) implemented in the VIAMD software (47). 

 

Medicinal leeches: Hermaphroditic adult leeches (Hirudo medicinalis, “large”), in quarantine for 32 weeks, were 

obtained from Biebertaler leech breeding farm (Biebertaler Blutegelzucht GmbH, Biebertal, Germany; art. no. 

1008). They were maintained according to the quality assurance requirements from the breeder, in plastic bottles 

two-thirds filled with tap water (Norrköping, Sweden), which was changed every second to third day. Bottles with 

leeches were stored in dark at room temperature (20-23 ℃). The leeches were anesthetized submerged in crushed 

ice for 15-20 min. Thereafter, the head ganglion and sucker were immediately removed, and the semi-intact 

preparation was stretched out and pinned down with the ventral side up. A 2-3 ganglion long incision was made 

along the midline to expose the connecting nerve, while the muscles and bilateral nerves were kept intact on the side 

of the incision. The black stocking surrounding the nerve was removed between two ganglions to expose the nerve 

prior to addition of the LOx based ETE gel. The semi-intact leech preparation was kept wet from underneath with 

ice-cold solution throughout the experiment. The solution contained (in mM): 115 NaCl, 4 KCl, 1.8 CaCl2, 10 

HEPES. pH was set to 7.4 using NaOH. Stimulating the connective nerve induces muscle contractions close to the 

incision site, to detect, but hinder large movement of the muscles very close to electrode, pins were used. The 

flexible probe was attached to a custom-made PCB which was attached to the RHS Stim/Recording system from 

Intan technologies (Los Angeles, USA). An Au electrode on the flexible probe was placed 1 mm away from the 

connecting nerve, without (control) or with a polymerized patterned gel extending under the nerve. The stimulation 

parameters were set to 250 cathodic current pulses, with amplitudes between 100-300 µA,1-ms duration pulses, at 

30 Hz. The movements of the leech were filmed with a Canon Legria Hf R86 video camera (30 frames/sec), and a 

small green paper dot placed on top of the muscle were used to track the movement frame by frame (Tracker 5.1.5 

software, https://physlets.org/tracker/).  Experiments of these invertebrates do not require an ethical approval under 

Swedish or EU legislation. 

 

Electrical measurements: A Keithley 2612A was used for general electrical recording and electrochemical 

measurements were carried out using a Gamry potentiostat (Gamry instruments). Optical and fluorescent images 

were acquired concurrently with electrical measurements using a Nikon widefield fluorescence microscope, as noted 

in the “Optical and Fluorescence Measurements” section above. UV-Vis measurements of gels in solutions and in 

agarose gels were acquired with a plate reader (BioTek Synergy H1m).  

 

Zebrafish: Adult zebrafish (Danio rerio) casper mutants (ZFIN Cat# ZDB-GENO-170711-1, RRID:ZFIN_ZDB-

GENO-170711-1), Tg(dat:EGFP) fish (M. Ekker, University of Ottawa, Canada), and wildtype were used for the gel 

injections. Both male and female fish aged 12-24 months were used.  A Sutter Quad micromanipulator (Sutter 

Instruments, Novato, CA, USA) was used for precise movement of the injection capillary, and microinjections were 

performed using a PicoLiter Injector (PLI-100A; Warner Instruments, Holliston, MA, USA) under a Nikon 

SMZ1500 stereomicroscope. All zebrafish experiments reported here were approved by the Regional Ethical 

Committee of Malmö-Lund under diary number 5.8.18.05993/2018.   

Zebrafish Tailfin injections: Six adult casper mutants were used for tailfin injections. Before injection of gel, each 

fish was anesthetized in 0.2 mg/mL tricaine methanesulfonate. The fish was then placed on its side, the tail fin was 

gently spread out, and the body and head were covered with moist tissue paper. Under stereomicroscope inspection, 

a glass capillary (tip diameter 50 µm) was inserted in the inter-ray mesenchyme. ~100 nl LOx-based gel cocktail 

was micro-injected in the dorsal half of the tail fin and GOx-based gel cocktail was injected in the ventral half. 

gel spread and polymerisation were monitored by microscopy on the anesthetized fish one minute after injection, 

and time-lapse images were recorded with one-minute intervals for 30 minutes. 

 

Zebrafish Brain injections: nine adult wildtype zebrafish, eight casper mutants, and nine Tg(dat:EGFP) fish were 

used for brain injections. Before injection, each fish was anesthetized in 0.2 mg/mL tricaine methanesulfonate. 
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Then, a small hole in the skull roof was made with the tip of a SurGuard 2 Safety Needle 30G×1/2”, taking care not 

to damage underlying brain tissue. The fish was then placed in a mold made from moist tissue paper for support and 

to preserve moisture. Under stereomicroscope inspection, a glass capillary (tip diameter 30 µm) was inserted 

through the hole in the skull roof into the brain for microinjection of the polymer cocktail. ~10 nL Gox- or Lox-

based gel was then microinjected in the brain. After injection, the fish was revived by flushing the gills with water, 

and the fish was then allowed to recover in a post-op aquarium. 2-4 hours after injection, the fish was killed by 

immersion in ice water for 20 min followed by decapitation. The brain was excised, placed in OCT TissueTek 

cryomedium, and frozen on dry ice. The brain was then cryosectioned in the sagittal plane (section thickness 50 

µm). Cryosections containing polymer were mounted on a glass slide with planar MEAs for conductivity recording. 

Along with brains, hearts were extracted and were immersed in 50 μL of Cocktail gels without removal of the 

meninges.  

 

Histology zebrafish brain: Gels were injected in nine Tg(dat:EGFP)  zebrafish brains as described above. After two 

days, the brains were extracted and fixed overnight in phosphate-buffered 4% paraformaldehyde. They were serially 

cryosectioned after cryoprotectionwith 25% sucrose in PBS at a section thickness of 14 µm. The sections were air 

dried for at least 2h at room temperature before performing the histological stainings. Alternate sections were 

stained with a Hematoxylin-Eosin or with Methylene Blue-Thionine. 

 

Zebrafish behavioral monitoring: Injected zebrafish were monitored for signs of negative effects on their well-being, 

including but not limited to the following stress- and disease-related behaviors (48): altered swimming speed, 

abnormal body positions, twitches/spasms, altered aggregation behavior (e.g. within shoaling/schooling), aggression 

(e.g. approach, fin raise, mouth opening behavior, biting, charging, chasing), body color change, loss of motor 

function, droopy tail, erratic movement (e.g. zig-zagging, freezing, side-ways swimming, cork screw swimming), 

altered diving behavior (e.g. geotaxis, thigmotaxis), seizure, paralysis, buoyancy dysregulation, altered feeding 

behavior, head-butting, head shaking, altered social interaction, or tremor. 

 

Injections in commercial meat and tofu: Meat from beef, pork, and tofu was purchased on a local minimarket. Fresh 

chicken tissue was donated by Rie Henriksen. 

 

Image generation and data analysis: Data were analyzed using MATLAB. Schematics were created using Adobe 

Illustrator and BioRender software. Statistical analyses were performed using GraphPad Prism. The Kruskal Wallis 

statistic was used followed by Dunn’s multiple comparisons test and the p-values were adjusted for multiple 

comparisons. 

 

Supplementary Text 

Synthesis 
All chemicals used were commercially purchased and used as received. Solvents were pre-dried with molecular 

sieves overnight prior to use. High Resolution Mass Spectra (HRMS) and UV-Vis spectra were obtained (mobile 

phase water/acetonitrile) using a Waters 515 HPLC Pump equipped with a Waters 2424 ELS (Evaporative Light 

Scattering) detector and an SQ Detector 2. 1H- and 13C-NMR were recorded at 500 and 126 MHz, respectively, with 

an Inova Varian Oxford AS500 spectrometer with chemical shifts referenced against CDCl3 (7.26 ppm) and MeOD-

d4 (3.31 ppm) residual peaks. NMR data analysis was performed with MestReNova 12.04 (Mestrlab Research). The 

detailed synthesis and characterization of 2-(2,5-dibromothiophen-3-yl)ethanol, 2,3-dihydrothieno[3,4-

b][1,4]dioxin-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane and 4-(2-(2,5-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-

5-yl)thiophen-3 yl)ethoxy)-1-butanesulfonic acid salt (ETE-S) have previously been reported (34). 
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Scheme S1: Synthesis of ETE-COONa (3). a, NaH (1.40 eq.) then tBu-bromoacetate (1.20 eq.) in dry THF, r.t., 16 

h, 54%. b, 2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.61 eq.), PEPSI-iPr 

(0.10 eq.), Na2CO3 (2.09 eq.) in water:THF 0.14:0.86, 80 °C, 16 h, 59%.  c, NaOH (10.21 eq.) in water:THF 1:1, 50 

°C, 16 h, 37 %.  

 

2-[2-(2,5-dibromothiophen-3-yl)ethoxy]tert-butyl ethanoate (1) 

To a solution of 2-(2,5-dibromothiophen-3-yl)ethanol (2.00 g, 7.00 mmol, 1 eq.) dissolved in dry THF (23 mL) was 

NaH (60% oil dispersion, 392 mg, 9.80 mmol, 1.4 eq.) added and the solution was left to stir for 15 min. Tert-butyl 

bromoacetate (1.24 mL, 8.40 mmol, 1.2 eq.) was added drop wise and the reaction was left to stir for 16h. Solvents 

was evaporated and the remains were re-dissolved in DCM (30 mL) and washed with water (30 mL). The water 

phase was extracted additionally with DCM (30 mL) and the combined organic phases were washed with brine (60 

mL), dried with MgSO4 and filtered. The solvent volume was reduced, and the crude was applied on Biotage Sfär 

Silica column (25g) and separated with a heptane/ethyl acetate gradient. Product fractions were collected, and the 

solvents were evaporated and placed under high vacuum overnight to yield a clear yellowish oil (1.51 g, 54 % 

yield). 1H NMR (500 MHz, Chloroform-d) δ 6.93 (s, 1H), 3.96 (s, 2H), 3.67 (t, J = 6.8 Hz, 2H), 2.84 (t, J = 6.8 Hz, 

2H), 1.48 (s, 9H).13C NMR (126 MHz, Chloroform-d) δ 169.58, 139.29, 131.62, 110.64, 109.24, 81.83, 70.23, 

69.06, 30.11, 28.24. HPLC-MS (m/z): calculated for C12H16O3S, 400.13; [M + H]+ detected, 400.22. UV (H2O) λmax: 

241.74 nm. 

 

4-(2-(2,5-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)thiophen-3-yl)ethoxy)tert-butylethanoate (ETE-COOtBu (2)) 

2-[2-(2,5-dibromothiophen-3-yl)ethoxy]tert-butyl ethanoate (685 mg, 1.71 mmol, 1 eq.) were together with (2,3-

dihydrothieno[3,4-b][1,4]dioxin-5-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1,20 g, 4.47 mmol, 2.61 eq.), 

PEPSI-iPr (116 mg, 0.17 mmol, 0.1 eq.) dissolved in THF (22 mL) in a micro vial and was sealed and deaerated 

with nitrogen gas for 15 min. Na2CO3 (3.58 mmol, 3.58 mL, 1 M aq., 2.09 eq.) was added via a syringe to the vial 

and the vial was deaerated with nitrogen gas for additional 10 min after the reaction was heated to 80 °C overnight. 

After cooling down to room temperature the solution was filtered through Celite, washed with THF, and the filtrate 

solvents were evaporated. The crude remains were dissolved in small amounts of dichloromethane and loaded onto a 

Biotage Sfär Silica samplet (2.5 g) and purified with a Biotage Sfär Silica column (25 g) with a heptane/ethyl acetate 

gradient (12 % à 100 % ethyl acetate). Product fractions were collected, and the solvents were evaporated, placing 

the final product for drying overnight with high vacuum to yield a viscous brown oil (524 mg, 59% yield). 1H NMR 

(500 MHz, Chloroform-d) δ 7.10 (s, 1H), 6.34 (s, 1H), 6.19 (s, 1H), 4.38 – 4.17 (m, 8H), 3.97 (s, 2H), 3.73 (t, J = 

7.5 Hz, 2H), 3.01 (t, J = 7.5 Hz, 2H), 1.46 (s, 9H).  

13C NMR (126 MHz, Chloroform-d) δ 169.75, 141.86, 141.61, 138.33, 137.65, 136.24, 134.20, 127.15, 125.33, 

112.07, 109.80, 99.18, 97.02, 81.56, 71.41, 68.88, 65.02, 64.89, 64.62, 64.52, 29.85, 28.16. HPLC-MS (m/z): 

calculated for C24H26O7S3, 522.65; [M + H]+ detected, 523.5843. UV (H2O) λmax: 343.7427 nm. 

4-(2-(2,5-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)thiophen-3-yl)ethoxy)acetic acid sodium salt (ETE-

COOH/ETE-COONa (3)) 

4-(2-(2,5-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)thiophen-3-yl)ethoxy) tert-butyl ethanoate (512 mg, 0.98 

mmol, 1 eq.) dissolved in THF (10 mL) and NaOH (10 mL, 1 M aq.) were added into a micro vial, sealed, deaerated 

with nitrogen gas and was left to stir overnight at 50 °C. After reaching room temperature the solvents were 

evaporated and the remains were dissolved in water (100 mL) and washed with ethyl acetate (3x100 mL). The water 
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phase was made acidic with 1 M HCl (aq.) and the product was extracted with ethyl acetate (3x100 mL), followed 

by the combined organic phases being washed with water (2x150 mL). Ethyl acetate was evaporated and to the 

remaining product were re-dissolved in THF, transferred into a conical vial and the THF was evaporated to yield a 

white sticky product (216 mg, 0.46 mmol, 4-(2-(2,5-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)thiophen-3-

yl)ethoxy) acetic acid). The acid form of the product was converted into its sodium salt form by adding NaOH (0.46 

mmol, 46.3 mL aq. 0.01M, 1 eq.) and leaving the solution to stir overnight until all the acid had been dissolved. The 

water was then evaporated, and the product was dissolved in methanol and precipitated in cold diethyl ether and the 

ether solution was decantated. Followed by evaporation of the remaining trace solvents by placing the product to dry 

under high vacuum overnight to yield a white/beige salt (178 mg, 37% yield). 1H NMR (500 MHz, Methanol-d4) δ 

7.12 (s, 1H), 6.43 (s, 1H), 6.28 (s, 1H), 4.34 – 4.21 (m, 8H), 3.87 (s, 2H), 3.69 (t, J = 7.5 Hz, 2H), 2.96 (t, J = 7.6 Hz, 

2H).13C NMR (126 MHz, Methanol-d4) δ 176.82, 142.06, 141.83, 138.36, 137.72, 136.36, 134.07, 126.71, 124.67, 

111.45, 109.19, 98.63, 96.34, 70.44, 70.00, 64.93, 64.72, 64.45, 64.36, 29.24. HPLC-MS (m/z): calculated for 

C20H17O7S3- , 465.53; detected [M- + 2H]+, 467.6548 and [M]- 465.3340. UV (H2O) λmax: 336.7427 nm. NRM 

spectra are shown in figures S15-S20 
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Fig. S1. Zebrafish brain slice from a brain with injected ETE-S (2 mg ml-1) in deionized water. (A), Brightfield 

and fluorescence (Fluorescein isothiocyanate (FITC) channel, excitation: 485 nm and emission: 525 nm) images 

overlayed (left). Zoomed brightfield images (right) from region 1 and region 2 in slices from which UV-Vis spectra 

were acquired. (B), UV-Vis spectra of brain slices from region 1 and region 2 (n=1). 
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Fig. S2. GOx-based polymerization as a function of glucose concentration: GOx containing gels were 

polymerized for 45 minutes with different concentrations of glucose. No polymerization was observed for the 0 – 10 

µM concentrations, partial polymerization was seen for the concentrations of 50 and 100 µM. 250 µM was the 

minimum concentration needed for complete polymerization, meaning that the monomer peak (350nm) completely 

disappeared (n=1). 

 

 

 
 Fig. S3. Rheology measurements before and after polymerization: Rheological properties of the gels were 

measured before and after polymerization.  (n=3) 
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Fig. S4. Fluorescence time-lapse images following polymerization in agarose gels and electrochemical 

properties of formed polymer. (A), Schematic illustrating fluorescent microscope, microfluidic pump, Au-coated 

capillary, and an agarose gel with or without glucose. (B), Schematic illustrating injection of the cocktail gel into an 

agarose gel. The cocktail gel is injected through the Au coated glass capillary into an agarose gel containing glucose. 

(C-F), Normalized fluorescence intensity (D, F) and image snapshots (C, E) of cocktail gels injected into agarose 

gel with (C,D) and without (E,F) glucose. During gel injection, the ETE-fluorescence signal (ex: 350 nm, em: 450 

nm) increases in the agarose gels. In agarose gels with glucose, the fluorescence drops to zero, indicating complete 

polymerization. In agarose gels without glucose, the fluorescence decreases only 20%, which can be attributed to 

diffusion and subsequently dilution of the monomer. (n=1) (G, H), Bode and Nyquist plots of Au coated capillary, 

before (black) and after (red) cocktail gel injection into an agarose gel containing glucose. (n=1) 
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Fig. S5. Simulation of Trimers. (A), interaction energies for the aggregation of ETE-COONa with NHS (ETE-

NHS) in the absence of PLL. (B), typical aggregate of ETE-NHS in the absence of PLL.  (C), in the presence of 

PLL. (D), Typical aggregate in the presence of PLL. (E, F), Spatial Distribution Function in the absence (E) and 

presence (F) of PLL. Microscopy images of the gels without (G, right tube and H, top image) and with PVA (G, left 

tube and H, lower image) show the effect of the PVA on the solubility.  
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Fig. S6. Conducting gels integrated with metal electrodes for electrical characterization. (A), Drop-cast and 

polymerized gel on top of multielectrode array. The distance between electrodes is 15 µm. (B), Patterned gel after 

the peel-off of a sacrificial PaC layer. The dimensions of the patterned gels are 2.5×2 mm. (C), Schematic of the gel 

showing the polymerization process in which a small voltage was applied between metal electrodes to monitor the 

current increase. (D), Current vs time measurements during the polymerization for gels with ETE-COONa with 

NHS (ETE-NHS) monomer concentration. The increase of the current follows a sigmoidal behavior, and its peak 

magnitude is proportional to the concentration of ETE monomer. The currents for 1 and 2 mg/ml are very small and 

not visible in the figure (n=1). (E), Schematic of OECT with circuit connections representing the measurement set-

up and parameters. (F), Transfer curve (black) and transconductance (red) for the ETE-based channel. The highest 

current and maximum transconductance is at Vg = -0.4 V. The current and transconductance at Vg = 0 V is low, 

meaning that the polymer channel is not fully doped intrinsically (n=1). 
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Fig. S7. Stability of conducting gels in various stability tests (A), Patterned polymerized ETE-COONa with NHS 

(ETE-NHS) based gels on top of metal electrodes before and (B), after sonication. The morphology of ETE-COONa 

with NHS (ETE-NHS) based gel films remained unaltered after sonication. (C), Patterned polymerized ETE-S based 

gels on top of metal electrodes before and (D), after sonication. Most of the ETE-S gel delaminated after sonication. 

A monolayer of an epoxy silane (GOPS) was deposited on glass to bind with the amine groups of PLL and greatly 

enhances gel adhesion to the substrate. (E), CV plot for a gel for 1000 cycles showing the gel’s electrical stability 

(n=1). (F), CV for a patterned gel before and after incubation with PC-12 cells for 72 hours (n=1). 
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Fig. S8. Polymerization and toxicity of gels in cultured cells. (A), Schematic of OECT H2O2 sensing experiment. 

Gels were incubated with cell culture media and small samples from the media were extracted after 60 min. The 

media was then added as the electrolyte in an OECT, and the drain current was monitored versus time for a constant 

drain voltage Vd = -0.3 V and a constant gate voltage Vg = 0.4 V. The gate was modified with platinum nanoparticles 

in order to sense H2O2. (B), Drain current as a function of time for an OECT in which media with known 

concentrations of H2O2 was added. The modulation of the drain current is proportional to the concentration of H2O2. 

(C), Drain current as a function of time when samples of media incubated with ETE ETE:LOx and ETE:LOx:HRP 

were added to the OECT. The modulation of the drain current was low for media incubated with ETE and 

ETE:LOx:HRP. In contrast, large modulation occurred from media that were incubated with LOx and is attributed to 

the H2O2 that is oxidized on the OECT gate. (D), Calibration of sensor and quantification of H2O2 produced by 

enzymes during a 90 min incubation of media with gels. Normalized current modulation versus the concentration of 

H2O2 (logarithmic scale). The calibration is derived from the data in panel B, by calculating the current modulation 

(ΔI) and dividing by the current for zero concentration of H2O2 (I0) as shown with purple circles. A logarithmic fit 

was applied to the data (black line). The normalized current response from media incubated with gels from 

ETE:LOx:HRP from panel C is overlayed on the plot (♦). The projection to the x-axis shows the produced peroxide 

concentration which is in the range of 20 μM (n = 3). 
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Fig. S9. Polymerization of gels in media. (A), fluorescence microscope image of a gel without HRP, blue 

fluorescence (DAPI filter) indicates the presence of un-polymerized ETE monomers. (B), Gel containing Lox + 

HRP, no fluorescence is observed, indicating polymerization of the fluorescent ETE monomer. (C), UV-Vis spectra 

from gels in media. Gels that do not have both enzymes have only one absorption peak at 350 nm. For gels with 

both HRP and LOx the peak at 350 nm is greatly reduced and a broad band is visible at 800 nm (n=6).  
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Fig. S10. Formation of conducting polymer in brain slices and brains. (A), Zebrafish brain slice with injected 

cocktail gel with LOx enzyme. (B), Zebrafish brain slice with injected neat ETE-S solution. (C), UV-Vis spectra of 

the brain slices from (A) and (B). The UV-Vis from the LOx based gels shows peak absorbance at 600 nm, 

indicating un-doped polymer. The variation in UV-Vis in brain slices versus fresh polymerized gels can be attributed 

to differing storage conditions of the tissue (n=4 brain slices). (D), Schematic showing the dissected zebrafish brain 

immersed in cocktail gels. (E), Dissected zebrafish brain immersed in gel containing LOx. Scale bar 500 μm. 

Polymerization occurs at the interface between the tissue and the gel. (F), Dissected zebrafish brain immersed in gel 

containing GOx. No polymerization is visible, as no dark regions are visible in the vicinity of the tissue. Scale bar 

500 μm. (G), Electrical characterization set up. Dissected zebrafish brains are placed on an array of Au electrodes 

that were patterned into lines that are 2.5 mm in length and are spaced 20 µm apart. A voltage sweep is applied 

between adjacent electrodes to characterize electrical conductivity. (H), Image of a dissected zebrafish brain that 

was immersed in a LOx-based gel and subsequently placed on top of a multielectrode array. Scale bar 1 mm. (I), 

Current versus voltage plot for brains that were immersed in cocktail gels with LOx (red) and with GOx (black). 

There is a clear resistive current for brains that were immersed in LOx-based gels that is absent for GOx-based gels 

(n=2 brains). 
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Fig. S11. Histology of zebrafish brain slices with injected and polymerized gels. LOx-based gels were injected 

into the zebrafish brain, which were extracted after 48 hours and prepared for histological analysis. No tissue 

damage can be observed in the vicinity of the polymer. (A), H&E staining of zebrafish brain 48 hours after injection 

(10x/0,25 objective). (B), Higher magnification of polymer area depicted in A (40x/0.65 objective). (C), Methylene 

blue-Thionine staining of zebrafish brain 48 hours after injection (10x/0.25 objective (D), Higher magnification 

polymer area depicted in C (40x/0,65 objective).  
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Fig. S12. Polymerization of cocktail gels induced by glucose or lactate in the muscle tissue of various animals. 

In plant-based tofu, the polymerization with glucose or lactate is not efficient or does not occur (n = 6). 
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Fig. S13. Polymerization of cocktail gels in leech muscle. Gels based on LOx (left) and GOx (right) polymerized 

in leech tissue (n = 3). 
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Fig. S14. Patterned gels on flexible probes. (A), Probes with gels before patterning (the gel was drop cast and 

allowed to dehydrate on top of the parylene substrate). (B), Probes with gels after peel-off and before polymerization 

(two hazy/speckled vertical “fingers”). (C), Probes with gels after polymerization (dark color). Scale bars: 400 μm. 

(D), EIS of probes before and after polymerization. The impedance of the electrodes is reduced in the low frequency 

range after polymerization of the gels. (E), Probes with patterned polymers under the leech nerve during stimulation. 

Scale bar: 5 mm. (F), The voltage versus time of constant current pulses of 290 µA for bare Au and patterned 

polymer electrodes. The specific current pulses induced stimulation in the nerve of the leech. The voltage output 

pulses of the patterned gel electrodes are constant with a magnitude under 1 V. For the Au electrodes the pulses 

increase over time, and their magnitude exceeds the water-splitting voltage of 1.25 V (n=1).  
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Table S1: Summary of results when stimulating the leech nerve 

 Control (Au electrode) Patterned gel 

Current (µA) n stimulations % responses n stimulations % responses 

100 9 56 4 0 

150 12 67 10 60 

200 6 5 10 60 

300 8 50 4 100 

 

The nerve of the leeches was stimulated with an Au electrode placed 1 mm away from the nerve, without (control) 

or with a patterned gel extending under the nerve. The response frequency (= successfully induced muscle 

movement) upon stimulation with 250 cathodic current pules with an amplitude between 100-300 µA (1-ms duration 

pulses, at 30 Hz) is summarized in this table (n=3 leeches).  
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Fig. S15. 1H-NMR (CDCl3) spectrum of (1). 
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Fig. S16. 13C-NMR (CDCl3) spectrum of (1). 
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Fig. S17. 1H-NMR (CDCl3) spectrum of (2). 
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Fig. S18. 13C-NMR (CDCl3) spectrum of (2). 
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Fig. S19. 1H-NMR (MeOD-d4) spectrum of (3 Na+-form). 
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Fig. S20. 13C-NMR (MeOD-d4) spectrum of (3, acid form). 
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Movie S1. 

Glucose induced polymerization of injected cocktail gels into agarose gels containing 5 mM of 

glucose. The 0.6% w/w agarose was utilized to simulate the brain tissue and mimic its 

mechanical properties. Video speed: 40X 

 

Movie S2. 

Depletion in the fluorescence of cocktail gels after injection in agarose gels containing 5 mM of 

glucose. The reduction of the fluorescence corresponds to depletion of the trimer. Video speed: 

20X 

 

Movie S3. 

Fluorescence of cocktail gels after injection in agarose gels without glucose. The fluorescence 

does is not reduced indicating no trimer depletion. Video speed: 20X 

 

Movie S4. 

Glucose and lactate induced polymerization of injected cocktail gels in the zebrafish tail fin. The 

movie is a timelapse of consequent images. Video speed: ~400X 

 

Movie S5. 

Glucose induced polymerization of injected cocktail gels in commercially available beef tissue. 

Video speed: 20X 

 

Movie S6 

Induced muscle movements as an output when the connecting nerve of a leech is stimulated with 

Au flexible probes. The stimulation parameters: 250 cathodic current pulses at a frequency of 30 

Hz, an amplitude of 300 µA, and a pulse duration of 1 ms. Stimulation ON when indicated in the 

video. 
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