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Flexible bioelectronic devices seamlessly interface with organs and tissues,
offering unprecedented opportunity for timely prevention, early diagnosis, and
medical therapies. However, the majority of flexible substrates utilized in
bioelectronics still encounter significant challenges in terms of recyclability
and reprocessing, leading to the accumulation of environmentally and
biologically hazardous toxic waste. Here, the study reports the design of
recyclable polyurethane (PU) vitrimers engineered with internal
boron-nitrogen coordination bonds that can reversibly dissociate to boronic
acids and hydroxyl, or undergo metathesis reaction following an associative
pathway. The study demonstrates the capacity of these recyclable PU
vitrimers as flexible substrates in various wearable and implantable
bioelectronic applications, achieving high-quality electrophysiological
recordings and stimulation. Furthermore, the study establishes a sustainable
recycling process by reconstructing a range of bioelectronic devices from the
recycled PU vitrimers without compromising the mechanical performance.

precise, real-time physiological monitor-
ing and therapeutic interventions.[']
With the rapid advancements in soft
material synthesis and cutting-edge micro-
/nanofabrication technologies, a wide
array of epidermal sensors, electronic
skins/tattoos, and implantable bioelec-
tronics has been developed.>*®7] These
advancements have significantly improved
the compatibility and functionality of these
devices, paving ways for transformative
healthcare applications and personalized
medicine.['78] However, the mass produc-
tion and relatively short lifespan of flexible
bioelectronics have inevitably resulted in
a significant volume of medical electronic
waste (e-waste), culminating in significant
resource wastage, environmental con-

This closed-loop approach not only addresses the critical challenge of the
reclaiming medical electronic waste but also paves the way for the
development of sustainable flexible bioelectronics for healthcare applications.

1. Introduction

Flexible bioelectronic devices seamlessly integrate with the
living body, revolutionizing biomedical sciences by enabling
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tamination, and potential human health
risks.>11l Therefore, there is an urgent
need for recyclable flexible bioelectronics
to reduce resource wastage and to mitigate
adverse environmental and health impacts
associated with biomedical e-waste.[!214]

Structurally, flexible bioelectronics are typically constructed
from polymer-based and hybrid electronic materials.[*1315:16]
Polymers are predominantly utilized as substrates and encap-
sulation layers, providing structural integrity and sealing func-
tions for flexible electronics. Although existing flexible bioelec-
tronics have primarily been fabricated using silicone elastomers,
their stable chemical cross-linking prevents them from being re-
cycled and reprocessed, presenting challenges for the recycling of
flexible bioelectronics.['117:18] Recently, polymers functionalized
with dynamic bonds have attracted significant interest, as they of-
fer a promising solution to the recycling and reprocessing chal-
lenges associated with traditional thermoset plastics.['"1%] Poly-
mers composed of dynamic noncovalent bonds, in particular,
exhibit rapid and sensitive reconstructive capacities, facilitating
straightforward recycling and reprocessing, and have been exten-
sively explored in recyclable flexible bioelectronics.***!] Nonethe-
less, these materials are generally susceptible to environmen-
tal factors such as temperature and humidity, and exhibit un-
satisfactory mechanical performance and stability owing to the
relatively weak cross-linking, which is unfavorable for durable
applications in complex environments.[222] Covalent adaptable
networks (CANs) represent a category of crosslinked polymer
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systems characterized by the presence of dynamic covalent
bonds, integrating the advantages of dynamic bonds with
thermosetting polymers, thereby endowed with self-healability,
degradability, recyclability, as well as exceptional mechanical per-
formance and durability.3-3%] Particularly, associative CANs, also
known as the vitrimers, can be reprocessed in a manner akin to
malleable silica materials, offering a promising pathway for the
development of sustainable bioelectronics.?=*! Although signif-
icant strides have been made in the developing vitrimers with
various dynamic covalent bonds, such as ester bond, urea bond,
carbamate bond, imine bond, disulfide bond, and boronic es-
ter bond, increasing the robustness of the dynamic bonds and
stability of vitrimers while maintaining relatively mild recycling
conditions remains a challenge.353¢] Specifically, boronic ester
bonds are susceptible to hydrolysis;[*”) the exchange reactions of
ester and carbamate bonds often necessitate catalysts, which can
leach out and may result in catalyst deactivation and potentially
introduce health risks.[?33%] Furthermore, some other harsh reac-
tion conditions are often necessary for the exchange reactions to
occur, such as elevated temperatures, acidic conditions, or other
chemical agents.3%40-*2] These challenges could lead to deterio-
rated performance of both original and recycled materials, as well
as potential health risks when used in bioelectronics.[164043-47]
Therefore, they are still rarely explored in fabricating flexible bio-
electronics. To address these potential issues, it is imperative to
develop vitrimer materials, which not only exhibit superior envi-
ronmental stability but also is capable of high-quality recovery via
a non-destructive and environment-friendly recycling process.

In this study, we developed a recyclable polyurethane (PU) vit-
rimers suitable for use as a flexible substrate/encapsulant for
various bioelectronics, enabling high-fidelity interfacing with bi-
ological tissues, and offering the capability for recycling and
reusing (Figure 1a,b). This unique dynamic cross-linked network
allowed PU recyclable in both solid and liquid phases and main-
tain reliable characteristics after recycling, thus controllable re-
cycling and reprocessing of the bioelectronics. Furthermore, the
soft and biocompatible characteristics of NCB-PU-based bioelec-
tronics allowed them as wearable stimulators for precisely mod-
ulating electrical activity in peripheral nerves of the hands, as
well as implantable epicardial bioelectronic patches for the mon-
itoring and treatment of cardiac diseases. These results demon-
strated that the design and fabrication of sustainable bioelectron-
ics provide a groundbreaking platform for advancing the next-
generation biointerfacing technologies.

2. Results and Discussion

2.1. Design and Synthesis of NCB-PU Vitrimers

To validate our design rationale, we selected polyurethanes (PUs)
as the polymer backbone due to their intriguing attributes such
as mechanical flexibility, stretchability, and ease of chemical
modification.[**! To endow PU with recyclability, we employed
internal nitrogen-coordinated boronic esters as linkages to con-
struct the dynamic covalent network within PU. Boronic ester
bonds are characterized by their high bond energy and have been
widely applied in the creation of recyclable vitrimers, owing to
their dynamic nature. The bond exchange reactions occur spon-
taneously without the addition of catalysts or chemicals at low
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temperatures, thereby facilitating a facile and environmentally
benign recycling process.*’! In particular, cyclic boronic esters
with internal boron-nitrogen coordination in these systems have
been investigated to overcome the issue of hydrolytic instability
associated with conventional boronic ester bonds in commonly
used environments.*?] While the internal boron-nitrogen coor-
dination bond will be dissociated upon heating, leading to the
transformation of the five-membered ring into eight-membered
ring and the increasement of ring strain, which result in a de-
crease in thermal and hydrolytic stability and an increase in the
bond dynamicity.l®®] Therefore, hydrolysis can still be induced
by specific external stimuli, such as elevated temperatures and
chemical agents.[*>*"] The nitrogen-coordinating cyclic boronic
diester (NCB) compound as a diol monomer was first synthesized
through the condensation between 4-(hydroxymethyl) phenyl-
boronic acid and triethanolamine, and its chemical structure was
confirmed by 'H NMR spectroscopy (Scheme S1 and Figure S1,
Supporting Information). NCB-based polyurethane (NCB-PU)
was prepared through a one-pot multi-step polyaddition reaction
process using carbamate chemistry in the presence of catalyst
dibutyltin dilaurate (DBTDL) (Scheme S2, Supporting Informa-
tion). Initially, the isocyanate-terminated polyurethane prepoly-
mer was synthesized by reacting isophorone diisocyanate (IPDI)
with polyethylene glycol (HO-PEG-OH). This was followed by
the sequential addition of NCBC and the remaining IPDI, sub-
sequently, the crosslinking agent trimethylolpropane (TMP) was
added for the final polymerization step. The structure of NCB-
PU was characterized via Fourier transform infrared (FTIR) spec-
troscopy. As shown in Figure S2 (Supporting Information), the
characteristic peaks at 3325 and 1710 cm™! corresponded to the
N-H and C=0 bonds from PU, respectively. The disappearance
of the peak between 2200-2280 cm™! indicated the complete con-
version of isocyanate moieties. Incorporation of boronic esters
moieties into the NCB-PU was confirmed by the B-O character-
istic peak at #1353 cm™'. These results confirmed the success-
ful synthesis of NCB-PU vitrimers. As illustrated in Figure 1c,d,
the incorporation of NCB into the polymer matrix forms a dy-
namic crosslinked network, conferring the PU vitrimers with ex-
ceptional recyclability. When subjected to heating, the bond ex-
change reactions within the PU vitrimer facilitate efficient stress
relaxation, thereby granting superior reprocessability. Addition-
ally, a notable feature of the PU vitrimers is its capacity to un-
dergo hydrolysis when exposed to an excess of water, leading
to the depolymerization into oligomers. Subsequent removal of
water triggers re-esterification reactions, thereby reconstituting
the cross-linked network. This reversible behavior underscores
the potential application of NCB-PU vitrimers for sustainable
bioelectronics.

2.2. Key Properties of NCB-PU Vitrimers

Superior chemical and thermal stability are crucial for the relia-
bility and longevity of flexible bioelectronic devices. The NCB-PU
vitrimers samples exhibited remarkable stability against various
solvents, for example, DMF, due to their covalently cross-linked
structure. During a 2-h exposure in DMF at high temperature
(130 °C), the NCB-PU samples retained swollen other than com-
pletely dissolved (Figure S3, Supporting Information), signifying
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Figure 1. Recyclable polyurethane vitrimers for sustainable bioelectronics. a) Schematic illustration of recyclable bioelectronics for various physiological
signals monitoring, including electroencephalogram (EEG), electrocardiograms (ECG), and electromyogram (EMG). b) Recycling process of NCB-PU-
based bioelectronics. The NCB-PU-based bioelectronics can be recycled in either the liquid or solid phase, and the recycled materials can be further
reprocessed into wearable/implantable electronics with customized structures. c) Chemical structure of the NCB-PU vitrimers synthesized from PEG-
diol, TMP, NCBC, and IPDI. The NCB-PU vitrimer samples exhibited superior flexibility under mechanical bending. d) Schematic diagram of the proposed
mechanism for recyclable NCB-PU vitrimers and reversible reaction of NCB linkages in PU networks induced by water or boronic esters metathesis
reaction.
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Figure 2. Properties of the NCB-PU vitrimers. a) Tan 6 curves of the NCB-PU vitrimers. b) Digital photographs of the NCB-PU vitrimers samples
before and upon stretching. Scale bar: 5 mm. c) Representative stress-strain curves of the NCB-PU vitrimer samples at different deformation rates (50—
500 mm/min). d) Summary of tensile strength, Young’s modulus, and elongation at break for NCB-PU vitrimers samples at different deformation rates.
e) Representative stress—strain hysteresis curves obtained from cyclic tests of NCB-PU vitrimers at different strain ranges (50%, 100%, 200%, 400%,
600%, 1000% strain). Data in (d) are presented as means + standard deviation (S.D.), n = 5.

the maintenance of the structural integrity, which could ensure
the consistent performance of flexible bioelectronics across some
hash environmental conditions. Thermal properties of NCB-PU
were studied with dynamic mechanical analyses (DMA) and ther-
mogravimetric analysis (TGA). The DMA profiles of NCB-PU
showed that the glass transition temperature (T,) was ~44 °C
(Figure 2a). The TGA results demonstrated the superior thermal
stability with a weight loss below 5% at 248 °C (Figure S4, Sup-
porting Information), meeting the thermal processing require-
ments for the polymer substrate.

The mechanical performance of the NCB-PU vitrimers is com-
prehensively studied with a tensile machine. The NCB-PU vit-
rimers generally exhibit superior stretchability, capable of with-
standing strains exceeding 1000% without fracturing (Figure 2b).
We further conduct tensile tests to quantify the mechanical per-
formances of the NCB-PU vitrimers at different deformation
rates. As shown in Figure 2¢,d, the NCB-PU film exhibited ex-
cellent stretchability with a strain of over 1400% at a defor-
mation rate of 50 mm min~'. Even at a high loading rate of
500 mm min~!, the NCB-PU film exhibited a stretchability up
to ten times its original length, indicating robust deformation
capacity even under rapid deformation. This remarkable defor-
mation capacity is hypothesized to arise from the dynamic na-
ture of the hydrogen bonding and the reversible B-N coordina-
tion bonds in the cyclic boronic esters.>!] The hydrogen bond-
ing in NCB-PU rapidly fractures and reforms upon stress load-
ing, while the reversible B-N coordination facilitates the transi-
tion between five- and eight-membered boronic esters during
the tension.’'%2] Furthermore, the stable dynamic covalent B-
O bonds contribute to maintaining the network’s structural in-
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tegrity and cross-linking density. During sequential cyclic tensile
testing (50%, 100%, 200%, 400%, 600%, 1000% strain) without
rest between two cycles, NCB-PU exhibited appreciable residual
strain due to the reformation of dynamic noncovalent bonds at
new sites, facilitating energy dissipation (Figure 2e). Moreover,
the tensile stresses remained largely unaffected across cycles, in-
dicating the preservation of the covalent network’s integrity.>3>*
Consequently, the NCB-PU film exhibits high stretchability and
favorable toughness, making it a promising material candidate
for applications involving movement and deformation, such as
interfacing with a periodically beating heart.

2.3. Recyclability of the NCB-PU Vitrimers

The high bond energy of the B-O bond confers NCB-PU vit-
rimers with robust mechanical properties, yet it also permits a
reversible metathesis reaction via an associative exchange mech-
anism, thus endowing the materials with vitrimers characteris-
tics, such as reprocessability.[*”) Upon subjecting to thermal treat-
ment, the dissociation of B-N coordination bonds and hydrogen
bonds facilitates the dynamic exchange of boronic ester linkages.
As demonstrated in Figure 3a, small pieces of NCB-PU sam-
ples can be reprocessed via compression molding at 130 °C and
2 MPa pressure for 15 minutes. It is deserved to mention that
the NCB-PU samples could be readily reprocessed over three cy-
cles without tuning the processing parameters, corroborating the
intriguing recyclability. The recycled films maintained the same
chemical stability as the original one. The FTIR spectroscopy and
TGA curve revealed no substantial change compared to those of
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Figure 3. Recyclability of NCB-PU vitrimers. a) Images recording the reprocessing of NCB-PU vitrimers from fractured pieces into a new film through
thermal processing. Scale bar: 1 cm. b) Images recording the reprocessing of NCB-PU vitrimers (i) by completely dissolving within DMF/H,O mixture
(i), and reconstruction upon removing DMF/H,O at 100 °C for 2 h (iii). The recycled NCB-PU sample was swollen, other than completely dissolved, in
DMF at 130 °C for 2 h in the absence of H,O (iv). c) Representative FT-IR spectra, d) stress—strain curves, and e) summary of mechanical attributes of
the recycled NCB-PU vitrimers by hot processing and solvent treatment. The data in e are presented as the mean + S.D., n=5.

the original NCB-PU samples, corroborating the preservation of
the chemical composition and structure upon thermal recycling
(Figure 3c; Figures S4 and S5, Supporting Information). Addi-
tionally, Figure 3d and Figure S6 (Supporting Information), illus-
trated that the stress—strain curves of the recycled NCB-PU nearly
coincide with those of the initial NCB-PU, and Figure 3e showed
that there was no evident decrease in tensile strength, Young’s
modulus, or elongation at break even after three-cycle reprocess-
ing. Furthermore, the glass transition temperature (T,) as deter-
mined by DMA showed no appreciable alteration over the three
reprocessing cycles (Figure S7, Supporting Information). These
results confirmed the exceptional recyclability of the NCB-PU vit-
rimers through a thermal process, in the absence of catalysts or
solvents.

In addition to metathesis reaction, boronic esters also subject
to hydrolysis/re-esterification through a dissociative exchange
mechanism, facilitating the effective liquid-phase recycling of
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NCB-PU vitrimers. Although boronic esters with B-N internal
coordination exhibit improved hydrolytic stability under ambi-
ent conditions, hydrolysis can still be induced by specific external
stimuli, such as elevated temperatures and chemical agents.[>>>]
We further investigated the water-induced degradation and recy-
cling of NCB-PU vitrimers according to the process of Scheme
S3 (Supporting Information), using a water-DMF mixed solvent
as the recycling medium. DMF was chosen for its solubility with
water and its ability to swell the NCB-PU vitrimers, allowing wa-
ter molecules to interact with boronic ester groups and trigger
the hydrolysis. The NCB-PU vitrimer samples were soaked in
a mixed solvent of DMF and water with a volume ratio of 4:1
and subjected to vigorous stirring and incubation at 130 °C. The
NCB-PU vitrimers gradually disintegrated and eventually com-
pletely dissolved, due to the destruction of the chemical equilib-
rium of the cross-linked network by the hydrolysis reactions in
the presence of water molecules. Dynamic light scattering (DLS)
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Figure 4. NCB-PU vitrimers as a flexible substance for sustainable wearable electronics. a) Schematic of digital information transmission through
the wearable electronics. b) Schematic illustration the mechanism of tactile perception. The induction of current within the skin serves to activate
mechanoreceptors and nerves, resulting in the generation of action potentials that are subsequently decoded by the brain as tactile information.
c) Image of the wearable electronics equipped with nine autonomous channels. Scale bar: 10 mm. d) Demonstration of precise positioning of the
stimulus site by wearable electronics. Insert is the image of the recycled electronics with nine independent channels. f) Image of the solvent-induced
recovery of NCB-PU-based bioelectronics. e-g) Confusion map of the positioning results as measured by using the original e) and recycled g) electrodes.

analysis revealed that the particle size of the oligomers resulting
from the degradation process falls within the range of 1-100 nm
(Figure S8, Supporting Information). After the removal of DMF
and water, the oligomers can be re-esterified to reform the NCB-
PU vitrimers. Moreover, the recycled NCB-PU vitrimers exhib-
ited structural swelling, other than completely dissolved, during
a 2-h incubation in DMF at 130 °C, suggesting the reinstatement
of the cross-linked network (Figure 3b).

The FTIR spectrum and TGA curve were essentially iden-
tical to those of the original NCB-PU vitrimer samples, cor-
roborating the complete restoration of NCB-PU vitrimers after
hydrolysis/re-esterification recycling process (Figure 3c; Figure
S4, Supporting Information). The mechanical properties of the
recycled NCB-PU vitrimers were similar to those of the original
NCB-PU vitrimers (Figure 3d,e). These results demonstrate that
the NCB-PU vitrimers can be easily recycled under relatively mild
conditions without the need for any catalysts. This is of great
significance for enabling the complete recovery of matrix resin
and expensive fillers from composite materials, while preserving
their performance.[*54657]

2.4. NCB-PU-Based Bioelectronics for Electrical Modulation of
Peripheral Neural Systems
Figure 4a introduces an array of wearable electrode, ingeniously

designed for integration with human skin, in order to deliver
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tactile stimulation through electrical modulation. Wearable elec-
tronics generate electric stimulus at targeted regions of the skin,
leading to the initiation of action potentials along the axons of ad-
jacent mechanoreceptors. These action potentials travel in an up-
stream direction via identical neural conduits and are decoded by
the brain as tactile perceptions (Figure 4b).[°**! Utilizing NCB-
PU vitrimers as a flexible substrate, we fabricated a 3 x 3 array
of silver electrodes using direct ink writing-based 3D printing
technology.[*¢! The resulting electrodes are both flexible and
stretchable, ensuring a comfortable interface on the biological tis-
sues (Figure S9, Supporting Information). This conformal attach-
ment guarantees optimal interface between the electronic com-
ponents and the skin’s irregular surface, thereby guaranteeing
the precise positioning of the stimulus site. Thanks to the im-
proved interface contact, a stimulation voltage ranging from 10
to 20 V is adequate to evoke a spectrum of tactile perceptions, en-
compassing subtle tactile sensations to more pronounced sharp
prickly feelings. Additionally, we developed a closed-loop feed-
back system that includes a wearable electrode array for skin con-
tact, an electric stimulator for voltage output, a control system for
regulating the stimulus pathway, and a display device for data in-
put (Figure 4d; Movie S1, Supporting Information). To assess the
precision of tactile perception, we arranged the nine stimulation
sites to correspond to the numbers 1 through 9, and adminis-
tered random electrical stimulations to volunteers. As illustrated
in Figure 4e, tests conducted with volunteers yielded a recog-
nition accuracy exceeding 90%, demonstrating the seamless
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Figure 5. In vivo epicardial recording and electrical pacing in a rat model with the NCB-PU-based bioelectronics. a) Image of an open-chest procedure
with the NCB-PU-based bioelectronics conformally attached onto the ventricular epicardium for epicardial recording and electrical pacing. Scale bar:
1 cm. b) 5-channel ECG signals from the rat heart recorded with the NCB-PU-based bioelectronics. Similar epicardial ECG traces were acquired for the
original (top) and recycled (bottom) electrodes. c) Distinct difference in signal-to-noise ratio (SNR) is detected from the commercial metallic needle
electrode, original and recycled NCB-PU-based electrodes. The data in c are presented as the mean + S.D., n = 5. d) Demonstration of cardiac electrical
pacing by using NCB-PU-based bioelectronics. Evolution of ECG potentials for a rate model, commencing from a normal physiological state, transitioning
through a simulated atrioventricular block, followed by the application of electrical stimulation, and culminating with the withdrawal of such stimulation.

integration of the electrodes with the skins. Furthermore, the
wearable electrodes can be recycled and reprocessed into a 4 x 4
electrode array (Figure 4f), which also demonstrated an impres-
sive 80% accuracy in the same tactile perception test (Figure 4g).

2.5. NCB-PU-Based Bioelectronics for In Vivo ECG Recording and
Cardiac Pacing

The exceptional flexibility and biocompatibility of our NCB-PU
vitrimers confer significant advantages for in vivo implantable
bioelectronics. Figure 5a illustrates the in vivo epicardial record-
ing and electrical pacing using NCP-PU-based bioelectronics im-
planted on a rat’s heart. The inherent flexibility of the NCP-PU-
based bioelectronics ensures conformal contact with the beat-
ing heart, enabling long-term and reliable electrical functional-
ity. All five channels of the NCP-PU-based bioelectronics func-
tioned well, with an average heart rate of approximately 380
beats per minute, indicating that the device does not disrupt the
heart’s natural rhythm (Figure 5b). The seamless integration en-
ables high-fidelity monitoring (signal-to-noise ratio, SNR ~45)
across all five channels, surpassing commercial metallic elec-
trodes (SNR ~10, Figure 5c). It is worth noting that the recycled
electrodes maintain high-quality epicardial recording capabilities
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(SNR ~40) through a solution-assisted recovery process. To fur-
ther demonstrate the potential of the NCP-PU-based bioelectron-
ics for cardiac pacing, intermittent electrical pulses (0.4 ms, 0.8 V)
were administered to achieve ventricular capture. To create an
AV block model, adenosine (AD) was administered intravenously
through the tail vein to decrease the heart rate (see Experimen-
tal Section for details). As depicted in Figure 5d, epicardial ECG
measurements showed distinct pacing spikes at a higher fre-
quency (~480 bpm) and an amplified QRS complex, in contrast
to the sinus rhythm observed in the absence of electrical stim-
ulation (=380 bpm). This result confirmed that the electrode’s
efficacy in modulating the heart’s rate and rhythm, functioning
akin to a cardiac pacemaker. The cessation of electrical stimu-
lation resulted in the reversion of the heart rate and rhythm to
their normal physiological conditions. These results indicate that
the NCP-PU vitrimers are a promising flexible substrate material,
suitable as a soft coupling interface for a variety of implantable
bioelectronics applications.

3. Conclusion

In summary, we have reported a class of recyclable PU vit-
rimers based on dynamic boronic esters bonds, which function
as soft substrates and encapsulants for a range of bioelectronics
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applications. The elastomeric nature of these PU vitrimers
enables them to form mechanically-compliant interfaces with
biological tissues, facilitating high-quality electrophysiological
recording and stimulation. Moreover, this unique dynamic cross-
linked network allows for the recyclability of PU vitrimers in
both solid and liquid phases, thereby facilitating the recycling
and reprocessing of bioelectronics. The integration of boronic es-
ter bonds into various polymer architectures offers a promising
pathway for developing recyclable flexible substrates and encap-
sulants in the field of bioelectronics, with the potential to signif-
icantly reduce electronic waste and mitigate the associated envi-
ronmental impact.

4. Experimental Section

Synthesis of NCB-PU Vitrimers: PEG (1.14 g, 1.9 mmol) and IPDI
(0.84 g, 3.8 mmol) were fed within a reactor under N, atmosphere. DBTDL
catalyst (6 uL) was then added and the mixture was kept stirring at 65 °C
for 2.5 h to yield prepolymer 1. Subsequently, 5 mL of anhydrous DMF was
added to dissolve the prepolymer 1 and the the mixture was stirred at 65
°C for another 2 h. NCBC (0.4 g, 1.43 mmol) in 5 mL of dry DMF and IPDI
in 2 mL of dry DMF were added to the prepolymer 1 solution in turn. After
reacting at 65 °C for 3 h, TMP (0.13 g, 0.95 mmol) in 5 mL of dry DMF was
added, and the reaction was further continuted at 65 °C for 3 h. Finally,
the viscous solution was poured into a PTFE plate, and heated at 90 °C for
18 h under vacuum until the reaction was completed.

Reprocessing of NCB-PU Vitrimer:  For the solid phase recycling of NCB-
PU vitrimers, the samples were cut into small pieces and placed within a
metallic mold. It was then subjected to a hot press at 130 °C and 2 MPa for
15 min to reconstitute the bulk material. Subsequently, the reprocessed
samples were cooled down to room temperature for further measure-
ments.

Recycling of NCB-PU Vitrimer by Solvent Treatment: For the liquid
phase recycling of NCB-PU vitrimer, an 846.5 mg sample was placed within
a 25-mL vial, loaded with 12-mL DMF. The vial was then supplemented
with 3-mL H,0 and heated to 130 °C. Within a period of 2 h, the sample
degraded completely. The resulting solution was transferred into a PTFE
mold and subjected to heating at 100 °C. Following a 2-h treatment, the
solvent was completely evaporated, enabling the reconstitution of NCB-
PU vitrimers.

Fabrication of the NCB-PU-based Wearable Electrdoes: A NCB-PU film
with a size of 10 x 10 cm (thickness ~200 pum) was prepared and utilized
as a flexible substrate for wearable electronics. A 3D printer (Regenovo)
was employed to print conductive silver ink onto the NCB-PU substrate,
followed by air drying to form a conductive electrode array. The printing
pathways were designed by utilizing the commercially available software
Solidworks (Dassault Systemes), before being converted into G-code to
direct the 3D (x, y, z) motion control of the printer’s nozzles.

Experiments with Human Subjects:  Experiments involving human sub-
jects were carried out in accordance with ethical guidelines and approved
by the Southern University of Science and Technology (Protocol Number:
2024PES303). Five volunteers participated in this experiment, and the peo-
ple’'s image depicted in Figure 4 is Liangjie Shan, who has granted permis-
sion for the publication of his images. All volunteers were instructed by
professional experimenters on how to use the wearable electronics until
they were familiar with the sensation of electrical stimulation. Prior to the
experiments, volunteers were directed to clean their hands using alcohol
and subsequently apply an thin coat of conductive hydrogel. Each volun-
teer completed a 20-minute familiarization phase to adapt to the task be-
fore beginning any recognition tests. Throughout the electrical stimulation
phase, a 20-kHz square wave frequency was employed as the consistent
carrier wave across all experimental trials, with the stimulation voltage ad-
justed according to the volunteer’s perceived condition.

Experiments on Animal Subjects: All animal procedures were con-
ducted in accordance with protocols approved by the Committee on Ani-
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mal Care at the Southern University of Science and Technology (Protocol
Number: SUSTech-]Y202308104). Sprague-Dawley rats were anesthetized
unconscious with tribromoethanol and securely fastened in a mechani-
cal restraint system prior to tracheal intubation. Subsequently, they were
connected to a mechanical ventilator (RWD model R415). After achiev-
ing general anesthesia, a thoracic incision was made between the third
and fourth left intercostal spaces to expose the heart for surgical access.
The pericardium was carefully dissected using fine forceps, and gauze was
used to absorb excess biofluids. With the heart’s anterior surface exposed,
a 5-channel NCP-PU-based bioelectronic device was gently applied to the
ventricular surface for ECG recording, and a 0.5 mm diameter metal wire
was placed subcutaneously in the leg as a reference electrode. To elicit
an atrioventricular block, 200 L of adenosine at a concentration of 5 mg
mL~" was infused intravenously, succeeded by the application of electri-
cal stimulation. The electrical stimulation parameters were set at 0.8 V,
with a pulse duration of 4 ms and a frequency of 8 Hz. Additionally, ECG
recordings were obtained using commercial electrodes as a control for
comparative analysis.

Statistical Analysis: Al results are presented as the mean + standard
deviation (SD). All experiments were repeated at least three times and each
condition was analyzed in triplicate. Data distribution was assumed to be
normal for all parametric tests, but not formally tested, and no significant
difference analysis was performed. All statistical analyses were carried out
with the Origin software package.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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