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Highly reconfigurable neuronlike conductive
networks through nanophase structure
engineering

Wei Zhong1,4, Haojie Zhao1,4, Bowen Yao 1,4 , Zhenze Li 2, Shuai Zhou1,
Zhifeng Wang3, Yuhao Geng1, Wen Sun1 & Jiajun Fu 1

Bionic electronics are designed to bridge the gap between biological systems
and conventional electronic devices. However, replicating the high dynamic
adaptivity and functional plasticity of living tissues while preserving the elec-
trical performance and structural integrity of traditional electronics remains
highly challenging, owing to the intrinsic trade-offs in molecular design. To
address this issue, a methodology of reversible nanophase regulation is pro-
posed, inspired by ion-specific effects in biological environments. Benefiting
from the dynamic response of noncovalent interaction to specific ions, the
developed system can successfully integrate multiple traditionally contra-
dictory properties–combining outstanding electrical/mechanical perfor-
mance with excellent reconfigurability, such as re-writability of conductive
pathways, in-situ wet solderability with good spatial resolution, and closed-
loop recyclability. This methodology offers a promising framework for
designing reconfigurable devices for bioelectronics applications such as
human-machine integration and tissue engineering.

Bionic electronics aim to merge biological living organisms and con-
ventional electronicdevices,with greatpromise in applications suchas
wearable/implantable intelligent devices1, tissue engineering2, human-
machine interaction3, and neurorobotics4. However, most conven-
tional electronic devices struggle to replicate the intrinsic reconfi-
gurability and responsiveness of biological living tissues at the
hardware level5–7. For example, the brains encode and remove mem-
ories by strengthening or weakening synaptic connections between
neurons through trans-synaptic proteins such as neurexins (pre-
synaptic) and neuroligins (postsynaptic)8,9 (Fig. 1a). In contrast, tradi-
tional electronics are typically incapable of reconfiguring their
circuitry once fabricated, resulting in limited functional plasticity
across spatial and temporal dimensions.

To offer reconfigurability to electronics, two strategies at differ-
ent spatial scales were proposed, i.e., macroscopic geometric regula-
tion and molecular structure (or doping level) regulation. Based on

these two strategies, several reconfigurable devices were developed,
with examples ranging from the adjustable antennae based on
mechanical stretching10,11, rewritable conductive hydrogel by control-
ling their swelling degrees12–15 to active optical metasurface devices
based on dynamic conducting polymer16,17 and neuromorphic devices
by engineering ion migration and electron transport18–20. Unfortu-
nately, these two strategies struggled to integrate reconfigurability
with excellent electrical performance and size scalability, inferior to
bulky but delicate living organisms. This issue is mainly rooted in an
intrinsic conflict in material design, where the high electrical perfor-
mance usually requires electrical materials to have highly conjugated
or crystalline molecular structures with intimate electrical contacts,
while the high reconfigurability usually necessitates weak and
responsive intermolecular interaction. For instance, light-responsive
conductive hydrogel could be constructed through host-guest inter-
action, but suffered from a low electrical conductance or structural
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compactness15. Therefore, bionic reconfigurable electronics sharing a
similar physiological mechanism to organisms are highly demanded
and challenging.

The specific ion effect, encompassing the popular Hofmeister
series, has long been found to strongly affect a range of biological
processes such as neuron activity, mainly originating from electro-
static interaction, hydration effects, and/or molecular sieve effects21,22.
Inspired by this biological mechanism, we herein propose a general
strategy, reversible nanophase regulation of non-covalent crosslinking
networks, to successfully construct neuron-mimicking highly-reconfi-
gurable conductive networks (Rec-CN) (Fig. 1a). As an exemplary
model, physically crosslinked conductive networks are prepared with
conducting polymer, poly(3,4-ethylenedioxythiophene): polystyrene
sulfonate (PEDOT:PSS, CP), and polyvinyl alcohol (PVA) as building
blocks (Fig. 1b). By leveraging specific ion effect, the conductive net-
work could be finely engineered, either locally or globally, to transition

among different thermodynamic states with different nanophase
structures, driven by the delicate balance of inter- and intra-molecular
non-covalent interactions of polymers (Fig. 1b). The unique capability
enabled controlled spatialmodulation of electrical conductivity within
a single system over a remarkable range of 4–5 orders of magnitude,
without compromising structural integrity andmechanical robustness
(Fig. 1c–e).

Moreover, owing to the high reconfigurability, in-situ wet sol-
dering and closed-loop recycling could also be realized. In the in-situ
wet soldering, the Rec-CN could be directly joined to diverse sub-
strates via laser process or thermal treatment, while preserving its
multichannel electrical connections and 3-dimensional (3D) geometric
integrity, standing in contrast to previously reported hydrogel sol-
dering methods, which typically required intricate manual operation
or were incompatible with 3D gels (Fig. 1f, g)23. In the closed-loop
recycling, the Rec-CN could also be recycled in a nearly closed loop
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Fig. 1 | Designandunique features ofRec-CN. a Schematics of neural circuitry and
Rec-CN. The brain encodes and removes memory by altering the neural inter-
connections. Analogously, the Rec-CN can be repeatedly micro-patterned through
laser irradiation and salt treatment without compromising its structural integrity.
b Schematics showing the evolution of nanophase structure and conductive
pathway within a CP-PVA organogel upon different treatments. c–g Digital

photographs of the CP-PVA organogel, demonstrating its high mechanical tough-
ness, re-writability of conductive pathways, and in-situ wet solderability. The inset
in panel e represents the circuit diagram of the conductive pathways. In f, gCP-PVA
organogel strips were soldered to metal pins (f) or to themselves (g), and used to
power connect light-emitting diodes (LEDs) upon a constant current of 20mA.
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through dialysis andheating,with no significant loss inmechanical and
electrical properties. Last, benefiting from these unique features, the
Rec-CN were therefore demonstrated for the application of various
bioelectronics and wearable electronics, including a reconfigurable
printing circuit board (Rec-PCB), an on-body wrist for electro-
physiological signal capture, and rewritable electroluminescent
devices.

As a whole, we propose a reversible nanophase regulation strat-
egy to address a critical methodology gap in bridging the spatial scales
for the in-situ regulation of electrical performance in reconfigurable
electronics. As a result, this approach successfully integrates good
electrical and mechanical performance with outstanding reconfigur-
ability features, such as micro-pattern ability and re-writability of
conductive pathways, in-situ wet solderability with good spatial reso-
lution, and closed-loop recyclability. This strategy also shows great
compatibility with other material systems, such as metal-based elas-
tomers and insulative components with ion-specific effects, shedding
light on the design of bionic next-generation electronics. Additionally,
this work successfully demonstrates that specific ion effects can be
utilized todelicately in situ tune thephysicalproperties of noncovalent
networks through nanophase structure engineering, providing an
efficient toolbox for themechanism studyof polymer-based functional
composites, especially for the volatile or degradable systemwhere the
employment of the conventional time-temperature superposition
principle may be restrained.

Results
Material design, electrical, and mechanical performances
Conductive organogels were constructed as exemplary reconfigurable
models by employing CP, PVA, and glycerol as conductive filler, phase-
regulating components, and dispersed medium, respectively. In
mechanism design, CP and PVA were able to offer abundant hydrogen
bonds and electrostatic interactions that were susceptible to specific
ion effects, thus benefiting the reconfigurability of polymer networks,
whereas glycerol could serve as both a plasticizer to prevent over-
dense stacking of CP and PVA for higher dynamics and a lowly volatile
medium for expanded working temperature windows. Unless other-
wise specified, for the preparation of the organogels, suspensions
containing different ratios of CP and PVA, with 4wt% glycerol, were
drop-casted on substrates and then partially dried under ambient
conditions (25 °C, 50% relative humidity) for 24 h. During this drying
process, most water was selectively evaporated, leaving behind pris-
tine CP-PVA organogels (p-CP-PVA) with solid contents of ~40wt% and
residual water contents of 22wt% (relative to the total mass of orga-
nogels) (Supplementary Fig. 1). The influence of environmental
humidity during drying is discussed in Supplementary Note 1 and
summarized in Supplementary Table 1.

The p-CP-PVA organogelswere free-standing and exhibited varied
mechanical robustness depending on the relative contents of each
component (Supplementary Note 2 and Supplementary Figs. 2–4). For
the electrical performance, the p-CP-PVAorganogels were almost non-
electronically-conductive, as measured by a significantly low con-
ductivity of 0.46–0.73mScm−1 (Supplementary Fig. 5). To improve the
conductance, mild thermal annealing was implemented in ambient
environment, with an optimum annealing temperature of 80 °C and
duration of 2 h selected based on organogel stability and experimental
reproducibility (Supplementary Note 3, Supplementary Fig. 6). The
resultant organogels (CP-PVA) experienced significant improvement
by 4–5 orders of magnitude, reaching 4.6-112.5 S cm−1 depending on
the CP’s contents in the organogels, accompanied by moderate
improvement inmechanical performance and increase in solid content
of ~50wt% (Fig. 2a–d and Supplementary Figs. 6 and 7). Notably, the
thermal annealing was largely insensitive to environmental humidity,
as revealed by the comparable low residual water contents (~4%) in
organogels treated under different relative humidity levels (20–70%)

(Supplementary Note 1, Supplementary Fig. 8 and Supplementary
Table. 1). Moreover, the conductivities of organogels showed low
dependency on the gel thickness in a wide range of 0.3–1.0μm, con-
firming the uniform distribution of CP within the organogel matrix
(Supplementary Note 4 and Supplementary Fig. 9).

More importantly, when compared with the pure PVA organogel,
the thermally-annealed CP-PVA organogel exhibited unexpected
improvement inmechanical performance, which is in sharp contrast to
most previous reports where the incorporation of rigid conductive
fillers typically led to embrittlement of the composites (See detailed
comparison in Supplementary Table 2). Specifically, with increasing
the CP content from 0 to 16wt% (relative to the total mass of CP and
PVA), the CP-PVA organogels exhibited simultaneous increases in
Young’s modulus, fracture strain, strength, and toughness by 208.3%
(2.4–7.4MPa), 30.4% (761–992%), 70.6% (6.8–11.6MPa) and 145.5%
(32.5–79.8MJm−3), respectively (Fig. 2c, d, Supplementary Fig. 7). As a
result, the PVA-CP organogels exhibited superior comprehensive
performance in terms of conductivity, stretchability, and toughness
when compared with previously reported conducting polymer
hydrogels (Fig. 2e, f, Supplementary Fig. 10 and Supplementary
Table 3). Furthermore, the CP-PVA organogels exhibited satisfactory
conductance retention upon tensile strain, as shown by low increases
in resistance by only 0.04, 0.22, and 1.20 times at the strains of 50%,
100%, and 200%, respectively (Supplementary Fig. 11).

At last, the CP-PVA organogels exhibited higher resistance to
environmental humidity and high/low temperature than their hydro-
gel counterpart with only water as the dispersed medium, due to the
low volatility of glycerol (Supplementary Figs. 12–20 and Supplemen-
tary Note 5). For example, upon exposure to a high-temperature
environment of 80 °C, the CP-PVA organogels showed satisfactory
stability in terms of mechanical and electrical properties. Such high
intactness could not only enhance the system’s reliability but also
greatly expand the methodological toolbox for rational control over
the conductive network by regulating nanophase structure, a key for
the reconfigurable system as elaborated below.

Mechanism for the formation of bicontinuous phase
The successful decoupling of electrical and mechanical perfor-
mances of the CP-PVA organogel could be attributed to the forma-
tion of a bicontinuous nanophase structure composed of PVA-rich
and CP-rich domains. This unique nanophase structure was a ther-
modynamically favored state as a delicate balance between the
miscibility and self-aggregability of the CP and PVA chains in the
glycerol medium, driven by hydrogen bonds and π-π interaction. On
the one hand, both PVA and CP chains were prone to self-assemble
themselves solely especially after thermal annealing at 80 °C (Fig. 2g
and Supplementary Fig. 21). The thermal annealing could sig-
nificantly activate the segmental motion of PVA and CP by partially
dissociating the hydrogen bonds (Fig. 2h and Supplementary Fig. 22),
leading to more ordered molecular configurations as revealed by
X-ray diffraction (XRD) spectra of PVA and Raman spectra of CP
(Fig. 2i and Supplementary Fig. 23). On the others, the PVA and PSS
chains in CP could strongly interact with each other through ionic
hydrogen bonds, according to dynamic light scattering (DLS) spec-
tra, Fourier-transform infrared (FT-IR), XRD spectra and mechanical
tests (Fig. 2j, Supplementary Figs. 24–28, Supplementary Table 4).
Furthermore, the glycerol, serving as an effective plasticizer through
multiple hydrogen-bond interactions with both PVA and CP, could
greatly suppress dense self-aggregation and thus enhance the poly-
mer miscibility (Supplementary Fig. 29)24.

With the synergy of the two opposite tendencies as mentioned
above, phase separation on the nanometer scale, therefore, occurred
within the PVA-CP organogels, leading to the formation of a bicon-
tinuous phase structure composed of PVA- and CP-rich domains. In
detail, after thermal annealing, the CP-PVA organogels exhibited an
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improved degree of nanophase separation as shown by a significantly
decreased interphase distance with high contrast in the phase images
according to atomic force microscopy (AFM) characterizations
(Fig. 2k). The nanophase separation structure could greatly benefit the
electrical interconnection of CP chains while preventing their over-
aggregation, thus leading to a uniform conductive percolation

network throughout the PVA matrix. Additionally, the phase separa-
tion degree was quantified by small-angle X-ray scattering (SAXS). In
SAXS, the scattering peak of PVA-CP organogels turned more pro-
nounced with a positive shift after thermal annealing, corresponding
to a decrease in the average interphase distance from 10.6 to 8.2 nm
(Supplementary Fig. 30).
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Worthy to note, the bicontinuous nanophase was thermo-
dynamically favored in the glycerolmedium and could be regulated by
altering the chain mobility and intermolecular interaction (this will be
discussed in the following). As a whole, driven by the hydrogen bonds,
π-π stacking, and hydrophobic interaction, a delicate balance between
the miscibility and self-aggregability of the CP and PVA chains was
realized, thus leading to a bicontinuous nanophase structure com-
posed of PVA- and CP-rich domains, where the former accounts for
mechanical performance and the latter is responsible for electrical
performance. The phase separation on the nanoscale could ensure the
uniform distribution of conductive percolation networks and stress
transfer pathways, thus rendering a successful integration of excellent
electrical and mechanical performances (toughness).

Regulable conductance through the specific ion effect
Given that it is bicontinuous nanophases accounting for the successful
decoupling of electrical and mechanical performance, the CP-PVA
organogels’ conductancewas therefore expected to be regulable if the
nanophase structure could be engineered on demand. Herein, this
hypothesis was successfully verified by introducing the specific ion
effect into the organogel system. Specific ion effects, encompassing
the Hofmeister series, originally describe a persistent trend in the
effect of ions on the secondary structure and dispersibility of bio-
macromolecules21. In general, cations with high charge density or
anionswith low charge density usually lead to higher solvation degrees
of bio-macromolecules, while cations with low charge density or
anionswith high chargedensity often induceopposite effects. Awidely
accepted mechanism behind this phenomenon involves the ions
impacting the solvation shell of molecules by electrostatic and polar-
ization effects25. This phenomenonhas also been extended tohydrogel
systems recently,with examples includingPVA26, polyampholyte27, and
poly(N-isopropylacrylamide) (PNIPAm) hydrogels28. These hydrogels
exhibited regulable mechanical properties (e.g., Young’s modulus)
depending on the types of ions introduced in the system29.

For the CP-PVA organogels developed here, their conductance
showed a high dependency on the types of ions introduced. Overall,
cations showed a pronounced impact on the conductance of the orga-
nogels, following a similar ranking to the traditional Hofmeister series,
whilst anions imposed a weak influence (Fig. 3a, b). Particularly, after
being subject to treatment with glycerol solution containing 2mol L−1

CaCl2 for 3 days (followed by selective evaporation at an ambient
environment to evaporate most of the water), the CP-PVA conductive
organogels transformed from a high-conductance state (27.3 S cm−1)
(denoted as State I) to a high-resistance state (1.9 × 10−2 S cm−1) (denoted
as State II) (Fig. 3c and Supplementary Fig. 31). This transition also
reduced the Young’s modulus and toughness by 62 and 30%, respec-
tively, with a slight change in solid content (51–44wt%; Supplementary
Fig. 32). Furthermore, the resistance of State II was maintained or even
further increased by dialyzing out Ca2+ ion with glycerol solution, fol-
lowed by selective evaporation at an ambient environment, to produce
State III (residual Ca2+ ion content: ~0.5% relative to the carbon, Sup-
plementary Figs. 31, 33 and Supplementary Table 5). In this state, the
conductivity decreased to 3.3 × 10−3 S cm−1, while the mechanical per-
formance and solid content remained stable. Moreover, State III could
be reverted to the original high-conductance state by thermal annealing
at 80 °C for 2 h (State I2), recovering the initial electrical andmechanical
performance (Supplementary Figs. 31, 32). Therefore, this process
established a closed regulatory cycle with a high conductance on/off
ratio (defined as the conductivity ratio of State I to State III). Further-
more, this cycle could be repeated several times with no significant
alteration in the electrical performance (Supplementary Fig. 34).

Mechanism and generality of nanophase reconfiguration
Such excellent adjustability of conductance could be ascribed to the
reversible swinging of the nanophase structure within the CP-PVA

organogels in three different thermodynamic states, highly distinct
from previously reported cases in which conductance reconfiguration
of gels commonly relied on swelling/deswelling of the system30

(Fig. 3d). In detail, firstly, the organogel in State I exhibited a bi-
continuous phase structure as discussed in the above section, and
should be thermodynamically favored given that thermal annealing
was applied. Secondly, for State II, the bi-continuous phase was erased
through Ca2+ treatment driven by thermodynamics. In detail, despite
the Ca2+ could induce ionic crosslinking among partial PSS chains
(Supplementary Fig. 35), these kosmotropic cations simultaneously
interact with PVA chains, breaking the hydrogen bonds among them,
as confirmed by FT-IR, XRD, and SAXS spectra (Fig. 3e and Supple-
mentary Figs. 36, 37)29. The decrosslinking effect predominated over
the ionic crosslinking, thereby enhancing the immiscibility of PVA and
CP chains. As a result, the bi-continuous phase structure within the
organogels was transformed into a more homogenous phase struc-
ture, leading to a highly resistive State II in the CP-PVA organogels. It is
worth noting that such transformation should not be ascribed to the
swelling of organogels, as no significant change in organogels’ solid
contents was observed (selective evaporation at an ambient environ-
ment were implemented to evaporate most of the water absorbed
during salt treatment before resistance measurement) (Supplemen-
tary Fig. 31). Moreover, the State II was also thermodynamically
favored, as proved by the negligible change in resistance of the orga-
nogel containing CaCl2 after being subjected to thermal annealing at a
high temperature of 60 °C for 5 h (Supplementary Fig. 38). In addition,
according to X-ray photoelectron spectroscopy, approximately 25% of
PSS was removed during CaCl2 treatment in the first cycle, further
supporting that nanophase structural was the primary factors gov-
erning the electrical properties, rather than compositional variations
(Supplementary Fig. 39).

Thirdly, unlike the thermodynamically stable States I and II, State
III was thermodynamically unstable but kinetically stable. The CP-PVA
organogels after dialysis could remain highly resistant for a long
duration at room temperature (e.g., 25 °C for more than 7 days)
(Fig. 3f). Such good kinetic stability could be attributed to the low
chain mobility seriously retarded by hydrogen bonds among PVA and
PSS chains. Subsequently, because of its thermodynamic instability,
the organogel without CaCl2 could be transformed back to a high
conductance state (State I2) through thermal annealing at a high
temperature of 80 °C for 2 h, accompanied by the recovery of bi-
continuous structure, as proved by AFM images, SAXS, and XRD
spectra (Fig. 3e, g, and Supplementary Fig. 37).

Therefore, by harnessing the specific ion effect on the dynamic
non-covalent interactions among polymer chains, reversible control
over the organogels’ conductance with a high on-off ratio was suc-
cessfully achieved. To further validate this mechanism, three sets of
control samples were prepared, including CP-PVA organogels with
varyingCP contents or solid contents, CP-PVAhydrogels or organogels
derived from other organic solvents, and chemically crosslinkable CP-
PVAMA organogels (PVAMA: methacrylate modified PVA) (Supplemen-
tary Figs. 40–53). The detailed discussion is provided in Supplemen-
tary Note 6. In brief, the control experiments further proved that the
electrical reconfigurability originated from the dynamic response of
polymers. Specially, organogels remained high on/off ratios of 103-104

across a wide range of CP content, but the ratio declined markedly at
high loadings beyond a critical thresholdof 34wt% (Fig. 3h).Moreover,
the conductance on/off ratio strongly correlated with the plasticiza-
tion ability of dispersionmedia (solvent) in the organogels, specifically
the hydrogen-bond-related Hansen solubility parameter (δh). Solvents
with higher δh, which could offer more hydroxy groups for interaction
with PSS and PVA24, impart greater adaptability to the polymer net-
work, thereby enhancing the electrical reconfigurability of corre-
sponding organogels (Fig. 3i, Supplementary Figs. 51–53 and
Supplementary Table 6). Notably, in contrast to the previously
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reported cases in pure PVA hydrogel system29, cations showed a sig-
nificantly stronger influence on the CP-PVA organogels than that of
anions, as discussed above. This abnormal phenomenon suggested
that the negatively charged CP (PEDOT:PSS) probably inhibited the
anion penetration through electrostatic repulsion.

At last, the proposed electrical reconfiguration strategy showed
good generality across different grades of PEDOT:PSS, alternative

conductive fillers, and mechanical matrices (Supplementary Note 7,
Supplementary Figs. 54–56). For example, the conductance reconfi-
guration was successfully achieved in organogels incorporating PED-
OT:PSS with varying PSS contents (PEDOT:PSS ratios ≤ 1:3) or
employing other ion-sensitive mechanical components (e.g., poly-
acrylamide and PNIPAm). In addition, the conductance on/off ratios of
CP-PVA organogels remained stable across a wide range of
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environmental humidity level, demonstrating the high reliability and
reproducibility of their electrical reconfigurability (Supplementary
Fig. 57). As a whole, reversible control over the conductance of orga-
nogels was successfully achieved through nanophase structure engi-
neering, leveraging the thermodynamically-driven reversible
transformation of dynamic polymer networks in various ionic
environments.

Reconfigurable printing circuit board with robust interfaces
With the highly dynamic characteristic of phase structure, the PVA-CP
organogels provided an ideal platform for neuron-like bionic circuitry
with remarkable reconfigurability at the hardware level, surpassing the
limitations of previously reported intact conductive hydrogels or
organogels. To showcase this unique feature, Rec-PCBs were fabri-
cated by selectively annealing pristine CP-PVA organogels via laser

irradiation, enabling the in-situ formation of patternable conductive
domains through photothermal conversion (Fig. 4a).

To optimize the fabrication conditions, we first investigated the
influenceof the laser power on the conductivity and structural stability
of CP-PVA organogels (Fig. 4b and Supplementary Fig. 58). With the
laser power increasing (50-400Wm−2), all the CP-PVA organogels with
varied CP’s and solid contents exhibited a similar conductivity trend:
an initial increase with peak conductivities in a range of
4.5 S cm−1–107.1 S cm−1 at a laser power of 150Wm−2 (corresponding to
a local temperature of ~85 °C), followed by a decline at higher power.
This reduction at relatively elevated power was likely due to the
thermal-induced deswelling of organogels, as confirmed by infrared
thermography (IRT) images and mechanical tensile tests, which
showed localized overheating (e.g.,~200 °C for 250W·m−2) and dete-
rioratedmechanical performance (Supplementary Figs. 58–60). Based
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on these results, a laser power of 150Wm−2 was identified as an opti-
mum condition for the patterning of conductive pathways, using CP-
PVA organogels with a solid content of ~50wt% (relative to the total
mass of organogels) and CP’s content of 22wt% (relative to the total
mass of CP and PVA) as the workpiece.

Upon laser irradiation, electrical circuits could be fabricated in
situ within one CP-PVA organogel. The locally transformed conductive
pathway, generated at a laser power of 150Wm−2, exhibited a low
optical contrast to the naked eye, but with boundaries visible under
backlighting conditions due to the slight dehydration under irradia-
tion (Supplementary Fig. 59). To quantitatively study the
photothermal-induced formation of conductive pathways, CP-PVA
organogels were subject to laser irradiation through a photomask.
First, all the conductive traces with line widths ranging from 50 to 200
μm showed conductivities comparable to that of corresponding bulky
materials, indicating the good size scalability of the laser-induced
patterning (Supplementary Fig. 61). Second, the spatial resolution of
the micropatterning process was evaluated by laser-writing pairs of
adjacent conductive traces (Fig. 4c, d, and Supplementary Figs. 62, 63).
Restrained by the inevitable thermal diffusion and resolution limit of
the photomask used here, the minimum inter-line spacing between
two conductive traces to avoid electrical cross-talk was determined to
be 100 μm. Below this threshold, adjacent conductive traces became
partially electrically connected. The resolutionwas expected to further
improve by downsizing the laser spot through optical engineering in
the future. Thirdly, the laser-induced conductive traces exhibited good
uniformity andhomogeneity in both horizontal and vertical directions:
the absolute resistance of conductive traces followed Ohm’s law as
shown by a good linear relationship with the trace length (Fig. 4e–g),
and exhibited good consistency for both the upper (directly exposed
to laser) and lower surfaces (Supplementary Figs. 64 and 65).

Moreover, distinct from the conventional circuit with fixed trace
layout determined fabrication, the CP-PVA organogels developed here
possessed remarkable dynamic characteristics, enabled by the recon-
figurable nanophase structure, resembling the adaptive nature of
biological neuronnetworks. To showcase this characteristic, a Rec-PCB
model with an array of dumbbell-shaped conductive traces was fabri-
cated by selectively irradiating a CP-PVA organogel. The conductance
between pairs of contact pads in the array (Fig. 4h and Supplementary
Fig. 66) was measured and found to lie in line with the traces of laser
irradiation, where the patterned traces exhibited conductance values
up to 3–4 orders of magnitude higher than those of not-irradiated
regions. Moreover, the conductive pathway could be erased by CaCl2
treatment (followed by dialysis), resulting in a sharp resistance
increase of 3–4 orders of magnitude. The pathways could then be
rewritten through subsequent laser irradiation (Fig. 4i). This erasing-
rewrite procedure could be repeated formore than 5 cycles, indicating
the excellent reconfigurability (Supplementary Fig. 67).

In addition to enabling high reconfigurability, the in situ laser-
assisted fabrication strategy also ensured the formation of a robust
interface between the conductive traces and the surrounding matrix,
attributed to the thermal gradient zone arising from inevitable heat
diffusion within the organogels during irradiation (Fig. 4j). AFM ana-
lysis confirmed the presence of an interface layer between conductive
and non-conductive domains. This layer facilitated remarkable inter-
facial adhesion and structural integrity through chain entanglement
and non-covalent interactions (hydrogen bonds,π-π interactions, etc.)
(Fig. 4k, l). The interfacial stability was successfully proved by tensile
testing of CP-PVA organogels that were partially laser irradiated
(Fig. 4m and Supplementary Fig. 68). The laser-patterned organogels
showed mechanical performance comparable to that of pristine sam-
ples, with crack propagation formed upon strain commonly initiating
at a random position rather than at the interface between irradiated
and non-irradiated areas (Supplementary Video 1). Meanwhile, the
patterned traces maintained stable electrical response under cyclic

tensile strain, with no noticeable interfacial delamination (Supple-
mentary Fig. 69). In contrast, most previously reported gel-based cir-
cuits lack in situ patternability and reconfigurability, and usually have
to rely on adhesives for structural integrity.

Conformal soldering and closed-loop recycling
Beyond their electrical versatility, the high reconfigurability of CP-PVA
organogels also enabled conformal soldering and closed-loop recycl-
ability, advancing their utility in 3-dimensional (3D) and sustainable
electronics. A widely used approach for the soldering of conductive
gels involved a drying-reswelling procedure, where the conductive
gels were dehydrated to achieve imitate contact with targeted
substrates17. However, this strategy led to severe deformation or col-
lapse of gels with complex 3D geometries. Herein, leveraging the high
reconfigurability of the CP-PVA organogels, a geometry-preserving
soldering strategy was developed to achieve strong and shape-
retentive bonding between CP-PVA organogels and various sub-
strates, without the need for complete dehydration.

In detail, for soldering, CP-PVA organogels at State III were coated
with a thin layer of sans-glycerol CP/PVA aqueous solution (mass
loading: 10μL cm−2), gently pressed against the targeted adherend
(5 kPa), selectively dried overnight (formechanical bonding), and then
thermally annealed at 80 °C (for electrical connection). With this
method, broken CP-PVA organogels could be healed together with no
noticeable deterioration in mechanical and electrical performance
(Fig. 5a–c). Importantly, complex geometries such as Möbius band
structure could be preserved after soldering (Fig. 5d). In addition, CP-
PVA organogels could also be strongly bonded to Cu, Sn, and Au
substrates, achieving high adhesion toughness values of 1295, 1051,
and 660 Jm−2, respectively (Fig. 5e–g and Supplementary Figs. 70–72).
The electrical contacts between CP-PVA organogel and metals were
proved to be ohmic contacts as indicated by the linear current-voltage
response (Supplementary Fig. 73). Furthermore, the electrical contact
could also be spatially patterned by leveraging local laser irradiation,
where only the irradiated domains were electrically connected. This
method allowed for a multichannel board-to-board connection
between CP-PVA organogel and flexible PCB (Fig. 5h), a capability not
easily achieved with previously reported adhesion strategies23.

The mechanism underlying the wet soldering capability involved
the solvent-mediated dynamic reconfiguration of the CP-PVA orga-
nogel network in the presenceof the aqueous solder (sans-glycerol CP/
PVA solution, Fig. 5i). Specifically, when aqueous CP/PVA solder was
applied to the CP-PVA organogel at State III, the glycerol within the
organogel and water from the solder underwent diffusion driven by a
concentration gradient. On one hand, water infiltration partially loo-
sened the original polymer network of organogels, resulting into a
semi-interpenetrated network at the interface (Supplementary
Figs. 74, 75a). Meanwhile, the glycerol in the organogels diffused into
the aqueous solder and then induced the configuration transformation
of CP (from solder) under thermal annealing (80 °C) or local laser
irradiation, thus reducing the contact resistance between CP-PVA
organogels and substrates (Supplementary Fig. 75b). This mechanism
was further supported by control experiments using solders with dif-
ferent components, including PVA/CP glycerol solution, sans-glycerol
CP aqueous solution, and sans-glycerol PVA aqueous solution, which
was detailed in the Supporting Information (Supplementary Note 8,
Supplementary Fig. 76).

In the closed-loop recycling, the CP-PVA organogels could be
reprocessed in a closed-loop route, enabled by the highly dynamic
organogel networks and the lowvolatility of glycerol. In detail, through
dialysis with minimal water to remove glycerol (the glycerol-
containing solution was retained for reuse), the CP-PVA organogels
couldbewell dissolved inwater by heating at 80 °C for 2 h (Fig. 5j). The
resulting dispersion displayed excellent colloidal stability, with a zeta
potential of −55mV and uniform size distribution (295 nm), closing
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matching the original (−50mV, 255 nm; Supplementary Fig. 77). Sub-
sequently, new organogels could be regenerated by re-introducing the
recovered glycerol solution (obtained in the dialysis process), drop-
casting, and selective evaporation at ambient environments. The
regenerated organogels exhibited only mild reduction in mechanical
performance and electrical properties (e.g., 16.5 and 9.0% decreases in
Young’smodulus and toughness, respectively; Supplementary Fig. 78).
In addition, the regenerated organogels also inherited excellent elec-
trical reconfigurability, in which the conductive pathway could be
erased via CaCl2 treatment and then be re-constructed through laser
irradiation (Supplementary Figs. 79 and 80).

Demonstrations
As a whole, by in situ tuning of the nanophase structure of conductive
organogels through specific ion effect, three pairs of inherently con-
flicted properties were successfully integrated within one system: (i)
high electrical and mechanical performance, (ii) patternability and
reconfigurability of highly conductive pathways, and (iii) in situ sol-
derability and closed-loop recyclability of conductive gels. To

showcase these capabilities, four representative applications were
developed, including (i) organogel-based printing circuit boards
(PCBs) for plug-and-play interconnection with conventional rigid
PCBs, (ii) organogel-based integrated electronic wrist bands for elec-
trophysiological signal capture, (iii) in situ rewritable electro-
luminescent devices and rewritable LED bands, and (iv) organogel-
based stretchable circuitry models for audio playing.

As a first example, a 6-channel organogel-based PCB was fabri-
cated (line spacing: 5.5mm, line width: 1mm) (Fig. 6a). The PCB was
soft, stretchable, and could be connected to conventional rigid PCBs
through zero-insertion-force (ZIF) connectors for analog signal trans-
mission (Fig. 6b). Attributed to the high structural integrity with high
toughness, the electrical connection/disconnection of organogel-
based PCB to the conventional rigid PCB could be repeated for
>1000 cycles, with no noticeable deterioration in electrical perfor-
mance (Supplementary Fig. 81). Moreover, the organogel-based PCB
demonstrated a broader operational frequency range compared to its
hydrogel counterpart, probably due to the lower relative permittivity
of the organic system (Supplementary Fig. 82).
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were used for the tests here.
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Secondly, a CP-PVA organogel-based digital wristband in situ
patterned with 8 pairs of electrodes was prepared for electro-
physiological signal recording (Fig. 6c). In detail, the good bio-
compatibility of CP-PVA organogels was a prerequisite for high-
quality signal acquisition, which was confirmed by both in vitro
cytocompatibility tests and in vivo subcutaneous implantation
assessment (Supplementary Note 9, Supplementary Fig. 83)31,32.
Furthermore, compared to the previously reported bioelectrodes,
the digital wristband showed low electrical impedance and robust
structural integrity while maintaining a stable electrical connection
when interfaced with a signal recorder via a PCB through a conformal
soldering method as described above (Fig. 6c, Supplementary
Figs. 84, 85)33. Particularly, the overall impedance and phase angle of

the digital wristband exhibited negligible changes under 50% tensile
stretching, demonstrating the excellent reliability of the system
(Supplementary Fig. 86). Consequently, high signal-to-noise ratio
electrophysiological recordings were achieved, surpassing those
obtained with commercially available electrodes (Supplementary
Fig. 87). As an example, real-time monitoring of muscle activity was
demonstrated by recording the surface electromyography (sEMG)
maps in space and time domains, highlighting potential applications
in medical diagnosis or human-machine interaction (Fig. 6d, e, Sup-
plementary Fig. 88 and Supplementary Video 2). At last, the CP-PVA
organogel-based digital wristband demonstrated excellent environ-
mental stability, maintaining a high signal-to-noise ratio (~21 dB) and
reliable sEMG recording performance even after one week of
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and CP’s content of 22wt% (relative to the total mass of CP and PVA) were used for
the experiments here.
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exposure to ~20% and ~70% relative humidity conditions (Supple-
mentary Fig. 89).

Thirdly, to showcase the reconfigurability, organogel-based elec-
troluminescence (EL) devices and rewritable LED bands were prepared
(Fig. 6f, g, Supplementary Figs. 90, 91). The EL devices consisted of a
laser-patterned PVA-CP bottom electrode, polydimethylsiloxane
(PDMS)-ZnS EL layer, and Cu top electrodes. Upon electric power, the
EL emission accurately replicated the layout of the electrical traces
patterned within the CP-PVA organogels. More importantly, the layout
could be dynamically altered by in situ rewriting the conductive traces
through sequential treatment with CaCl2 solution, dialysis, and laser
scribing (Fig. 6f, Supplementary Figs. 92, 93, and Supplementary
Video 3). The reconfigurable LED band featured an LED matrix sol-
dered onto the CP-PVA organogel substrate using PVA/CP aqueous
solder. Its conductive pathways could be adjusted by leveraging the
electrical reconfigurability of CP-PVA organogel, enabling on-demand
modification of the electrical layout (Fig. 6g, Supplementary Fig. 91).
Notably, beyond these examples, the hardware-level reconfigurability
is expected to inspire the design of next-generation biomimetic elec-
tronics for a variety of applications, including tissue engineering,
information processing, and cyborgs. For example, dynamically
reconfigurable conductive organogels could support neural tissue
culture with spatiotemporal plasticity.

Finally, to demonstrate the excellent solderability of the CP-PVA
organogels for use as printing circuit boards, a functional stretchable
audio-playing circuit was assembled. The circuit comprised resistors,
capacitors, switches, an LED, a speaker, and an FLM038A integrated
circuit (IC) (Fig. 6h, Supplementary Fig. 94, Supplementary Table 7).
The electronic components were soldered onto a laser-patterned
organogel-based PCB using CP/PVA aqueous solder followed by ther-
mal annealing, resulting in strong bonding and reliable electrical
connectivity. The final circuit was highly soft, stretchable, and capable
of playing preloaded audio tracks stored in the FLM038A chip during
operation (Supplementary Video 4). At last, given the ion-specific
mechanism that underlies the organogel’s phase reconfigurability, the
CP-PVA organogel-based circuit board was expected to be sensitive to
ions, especially kosmotropic cations. A potential strategy to mitigate
this issue involves encapsulating the organogels with detachable ion-
selective barrier materials after fabrication, which will be explored in
future studies.

Discussion
This work presents a general strategy for constructing neuron-
imitating reconfigurable generation electronics by leveraging rever-
sible nanophase regulation of dynamic non-covalent conductive net-
works. Specifically, the nanophase structure of the non-covalent
conductive networks exhibits significant response to specific ions,
governed by thermodynamics, allowing for reversible modulation of
both electrical and mechanical properties. As a result, the organogel-
based conductive networks could successfully integrate high electrical
performance with several additional features that are typically chal-
lenging to combine: mechanical performance, conductance reconfi-
gurability, in situ patternability of conductive pathways, in situ
solderability with spatial resolution, and closed-loop recyclability.

With these unique features, neuron-tissue-like reconfigurable
printing circuit boards can be designed and utilized for the application
of reconfigurable bioelectronics and sustainable electronics. More-
over, the integration of in situ patterning of conductive traces and
soldering capability successfully addressed a long-standing challenge
in gel-based bioelectronics: achieving robust, multichannel inter-
connection between gel systems and conventional rigid electronics
(such as IC and PCB). A reliable board-to-board connection between
CP-PVA organogel and commercial flexible PCB is demonstrated here,
a capability not easily realized using conventional adhesion strategies
for conductive gels.

At last, this study greatly deepens the fundamental understanding
of the evolution of the nanophase microstructure of conductive gel
and, more essentially, elucidates the underlying mechanism of ion-
driven modulation. The conceptual framework introduced here is
expected to inspire the development of reconfigurable bionic devices
and help bridge the interface among the biological world, aqueous gel
electronics, and conventional rigid electronics.

Methods
Materials
Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate was ordered
fromHeraeus Epurio Ltd (GradePH 1000) or Sigma-Aldrich (Orgacon™
ICP 1050), or prepared following the method described below. Gly-
cerin (AR, 99%), Acrylamide (AR, 99%), ammonium persulphate (APS,
AR, 98%), methacrylic anhydride were (94%, Contains 2% stabilizer),
triethylamine (AR, 99%), andα-Ketoglutaric acid (98%)were supported
by Haohong Pharmaceutical Co., Ltd. (Shanghai, China). Poly(vinyl
alcohol (PVA, Mw:89000–98000, 99% alcoholysis), aniline (AR, 99%),
silver powder (Ag, 5 μm), sodium chloride (NaCl, 98%), potassium
chloride (KCl, 98%), cesiumchloride (CsCl, 98%), lithiumchloride (LiCl,
98%), calcium chloride (CaCl2, 98%), sodium sulfate (Na2SO4, 98%),
sodium carbonate (Na2CO3, 98%), sodium citrate (98%), sodium iodide
(NaI, 98%), acetone (98%), ethanol (98%), hydrochloric acid (HCl,
analytical reagent grade), and dimethyl sulfoxide (DMSO) were pur-
chased from Shanghai Aladdin Biochemical Technology Co., Ltd.

Synthesis of PEDOT:PSS with varying PSS contents
PEDOT:PSS was synthesized via oxidative polymerization of 3,4-ethy-
lenedioxythiophene (EDOT) in the presence of sodium polystyrene
sulfonate (NaPSS, Mw: ~20 kDa). Briefly, EDOT monomer (50μL,
47mmol) was dispersed in 15mL of NaPSS aqueous solution under
vigorous stirring at room temperature, with themolar ratio of EDOT to
the sulfonate units of NaPSS adjusted to be 1:3, 1:4, or 1:5. The mixture
was stirred for 30min to ensure uniform dispersion and effective
interaction between EDOT and NaPSS. Subsequently, anhydrous ferric
chloride (FeCl3, 15.3mg) and sodium persulfate (130mg, 55mmol)
were added, and the reaction was allowed to proceed under con-
tinuous stirring for 12 h. During this period, the solution gradually
turned dark blue, confirming the formation of PEDOT:PSS. Finally, the
resulting dispersion was purified using cation- and anion-exchange
resin to remove residual salts.

Preparation of CP-PVA organogels
Typically, unless otherwise specified, PEDOT:PSS aqueous solutions
with the grade of PH 1000 from Heraeus Epurio Ltd were used for the
preparation of CP-PVA organogels. This PEDOT:PSS grade was one of
the most widely used formulations in the research community,
attributed to its high conductivity and excellent processability. The
pristine PEDOT:PSS aqueous solutions were first filtered through a
syringe filter with a pore size of 0.45 μm to remove large particles and
then added to a PVA glycerol solution (the content of glycerol was 4wt
% relative to the total mass of final solution, and the concentrations of
CP and PVA were 7.4mgmL−1 and 26.1mgmL−1 respectively, if not
particularly mentioned). The obtained suspension was drop-casted on
a glass plate (volumetric loading: 0.1mL cm−2) anddried at the ambient
environment (~25 °C) overnight to obtain free-standing p-CP-PVA
organogels with a thickness of ~92μm. The solid contents of p-CP-PVA
organogels could be controlled by varying the glycerol’s relative con-
tents in the precursor solutions. The p-CP-PVA organogel exhibited a
high resistance. To improve the conductance, a dry annealing process
was implemented at 80 °C for 2 h at ambient conditions with relative
humidity (RH) of 40–60%.

For the preparation of a thin CP-PVA organogel film with high
optical transparency, a spin-coating method was employed, where the
precursor glycerol solutions containing CP and PVA were spin-coated
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onto glass plates or elastomer films (EcoflexTM 00-45 Near ClearTM)
previously treated by oxygen plasma at speeds of 500, 700, 900, 1100,
1300, and 1500 rpm. At last, conductive organogel film was obtained
by drying at the ambient environment (~25 °C) overnight and an
annealing process at 80 °C for 2 h.

In the control experiments, four types of samples were prepared,
including CP-PVA organogels based on other organic solvents, CP-PVA
hydrogel, pure CP, and PVA organogels. (i) CP-PVA organogels based
on other organic solvents: different solvents (DMF, DMSO, ethylene
glycol, and polyglycerol, respectively) were added into the CP-PVA
mixture solution (mass ratio of CP to PVA= 22:78), and organogels
were obtained following a similar procedure as described above. (ii)
CP-PVA hydrogels: CP-PVA organogels were dialyzed in water, dried at
the ambient environment (25 °C, ~50 % relative humidity), and then
reswollen in deionized water to yield CP-PVA hydrogels. (iii) Pure CP
organogels: PEDOT:PSS suspensions were added with glycerol (4wt%,
relative to the total mass of solution), and then drop-casted onto glass
plates previously treatedwithO2 plasma for 5min (volumetric loading:
75μL cm−2), followed by annealing at 80 °C for 2 h. (iv) Pure PVA
organogels: PVA glycerol suspensions containing 4wt% glycerol and
10wt% PVAwere drop-casted onto glass plates previously treated with
O2 plasma for 5min (volumetric loading: 30μL cm−2), and dry annealed
at 80 °C for 2 h.

Preparation of methacrylate PVA (PVAMA) and CP-PVAMA

organogels
The PVAMAwas synthesized by the esterification reaction between PVA
and methacrylic anhydride, following the previous literarure34. First,
PVA (Sigma-Aldrich, 89000–98000 kDa, 98% hydrolyzed) was dis-
solved in water by heating at 90 °C for 2 h to obtain a 10wt% PVA
solution. Then, the PVA solution was added with methacrylic anhy-
dride (5mol% relative to PVA) under stirring, left to react at 60 °C for
48 h, and then quenched by neutralizing with triethylamine. At last,
PVAMA power was obtained by slowly dropping the reaction solution
into acetone (5 equivalent volumes relative to the solution) under
vigorous agitation, filtering, washing with excessive acetone, and
drying at 60 °C.

For the preparation of the CP-PVAMA organogels, glycerol sus-
pensions (4wt%, relative to the total mass of solution) containing
7.4mgmL−1 of CP, 0.3mgmL−1 of α-ketoglutaric acid, and 26.1mgmL−1

of PVAMA (CP’s relative content: 22wt%) was dropped-casting on a
glass plate (volumetric loading: 0.1mLcm−2), and dried under ambient
conditions (25 °C) for 24 h to selectively evaporate most of the water.
At last, a free-standing CP-PVAMA organogel was successfully obtained
and crosslinked by exposure to ultraviolet (UV) light (wavelength:
365 nm) for 30min. For the preparation of CP-PVAMA organogels
without chemical crosslinking, a polymerization inhibitor was added
to a sans-photoinitiator glycerol solution (4wt%, relative to the total
mass of solution) containing 7.4mgmL−1 of CP and 26.1mgmL−1 of
PVAMA (CP’s relative content: 22wt%, relative to the total mass of PVA
and CP), and then followed with a similar procedure as described
above except without UV exposure step.

Preparation of polyaniline (PANi)-PVA and Ag-PVA organogels
PANi-PVA organogels were synthesized following an ice-templated
polymerization method reported previously35. In detail, a monomer-
containing solution (solution A) was first prepared by adding 80μL of
HCl solution (35wt%) and 28mg of aniline in 1mL of 10wt% PVA
solution, followed by vigorous stirring until a clear and transparent
solution was formed. The mixture solution was cooled in an ice bath.
Subsequently, 0.5mL of ammonium persulfate (APS) solution
(162mgmL−1) was added to solution A. The resulting solution was
poured into a mold and frozen in liquid nitrogen for 2 h. Finally, the
frozen samples were transferred to a refrigerator at −20 °C and kept
static for 24 h, during which aniline was polymerized to form PANi.

PANi-PVA organogels were obtained by thawing the frozen samples at
room temperature, followed by dialysis in 50wt% glycerol solution for
12 h and drying at ambient temperature for 24 h.

For the preparationof the Ag-PVAorganogels, 0.15 g of silver flake
powder (diameter: 5 μm) and 0.6mL of a glycerol solution (50wt%)
were added to 2mL of a 10wt% PVA solution and mixed with a
planetary-type mixer at 2500 rpm for 10min (HMV200D, Shenzheng
Hasai Technology, China). Then, themixture solution was drop-casted
onto a glass plate (volumetric loading: 0.1mL cm−2) and dried at
ambient temperature (~25 °C) for 24 h.

Preparation of CP-PAM organogels and CP-PNIPAm organogels
PAM was first synthesized by free radical polymerization in aqueous
solution. Specifically, 1.0 g of acrylamide monomer was dissolved in
10mLof deionizedwater to obtain a clear 10wt% solution. Ammonium
persulfate (APS, 10mg, corresponding to 1wt% of acrylamide) was
then introduced as the radical initiator, followed by the addition of
tetramethylethylenediamine (TEMED, 5μL, ~0.5 wt%) as the accel-
erator. The solution was purged with nitrogen for 20min to remove
dissolved oxygen, sealed, and allowed to polymerize at ambient tem-
perature (25 °C) under gentle stirring for 4 h. The viscous product was
dialyzed against deionized water for 48 h to remove unreacted
monomers and initiators, and subsequently freeze-dried to obtain
linear PAM in the form of a white powder. For CP-PAM organogel
preparation, pristine PEDOT:PSS aqueous solution was first passed
through a 0.45 μm syringe filter to remove large particles. The filtered
PEDOT:PSS was then mixed with a PAM–glycerol solution, in which
glycerol accounted for 4wt% of the total solution, while the con-
centrations of CP and PAM were maintained at 7.4mgmL−1 and
26.1mgmL−1, respectively (unless otherwise specified). The resulting
suspension was drop-cast onto a glass plate with a volumetric loading
of 0.1mL cm−2 and dried overnight at ambient conditions (~25 °C) to
yield free-standing p-CP-PAM organogels. The as-prepared organogels
initially exhibited high resistance, which was subsequently reduced by
subjecting the samples to a thermal annealing treatment at 80 °C for
2 h to improve their electrical conductivity. CP-PNIPAm organogels
were synthesized using a similar procedure, with PNIPAm replacing
PAM as the polymer matrix.

Transitioning of CP-PVA organogels among different
conductance states
Unless otherwise specified, the CP-PVA organogels used in the tests
had a solid content of ~50wt% (relative to the total mass of organogel)
and a CP fraction of 22wt% (relative to the total mass of CP and PVA).
(i) The thermally-annealed CP-PVA organogels were donated as State I.
(ii) To obtain State II, the CP-PVA organogels in State I were soaked
with a glycerol solution containing 2mol L−1 CaCl2 for 3 days, followed
by selective evaporation at an ambient environment (~25 °C, RH:
40–60%) for 24 h. (iii) To obtain State III, the CP-PVA organogels at
State II were dialyzed in a 15 wt% glycerol solution for 24 h and partially
dried in an ambient environment for 24 h. (iv) To obtain State I2, the
CP-PVA organogels at State III were thermal annealed at 80 °C for 2 h
under ambient conditions (~25 °C, RH: 40–60%).

To pattern the conductive traces, the p-CP-PVA organogels or CP-
PVA organogels at State III were irradiated by a continuous laser (DT1-
3W; Lighthouse Photonics, China) with an optical power density of
150Wm−2 (wavelength: 532 nm, spot size: 0.3mm) at a fixed scanning
speed of 6 cm s−1, if not mentioned. An infrared thermal imager (A615,
Teledyne FLIR, U.S.) was employed to record the temperature varia-
tions and infrared thermal images of the CP-PVA organogels during
laser irradiation, capturing their photothermal response. To obtain
fine conductive traces, CP-PVA organogels at State III were subject to
laser irradiation through a photomask. The pre-patterned photomask
was brought into intimate contact with the organogel surface and
precisely aligned under microscopic observation (the design of the

Article https://doi.org/10.1038/s41467-025-68088-3

Nature Communications |         (2026) 17:1332 12

www.nature.com/naturecommunications


photomask is shown in Supplementary Figs. 61, 65). Laser irradiation
was subsequently applied through the photomask apertures to induce
conductive traces. To erase the conductance of the CP-PVA organo-
gels, the CaCl2 treatment and dialysis were performed, following the
protocol described above.

Determination of water and glycerol contents in organogels
The solid content of CP-PVA organogel was obtained bymeasuring the
total mass (mt) of wet samples and dry mass (ms) after complete dry-
ing. To determine the glycrol contents, the dispersion medium of
organogel was extracted by dialysis in a defined amount of deionized
water (2mL) and filtered through a membrane with a pore size of
0.22μm prior to high-performance liquid chromatography (HPLC)
analysis. The measurements were performed on an HPLC system
(Waters e2695, Waters Corporation, US) equipped with a refractive
index detector and an Aminex HPX-87H column (300mm× 7.8mm, 9
μm). The column temperature was set as 35 °C, and 5mmol L−1 H2SO4

was used as the mobile phase at a flow rate of 0.6mLmin−1. Standard
glycerol solutions (0.02–1.0mgmL⁻¹) were freshly prepared to con-
struct an external calibration curve (linear correlation coefficient,
R2 ≥0.999). Themass fractions of glycerol (Fg) andwater (Fw) in theCP-
PVA organogel were calculated using Eq. (1) and Eq. (2), respectively.

Fg =
Cgly × 2mL

mt
× 100% ð1Þ

Fw =
mt �ms

mt
� Fg

� �
× 100% ð2Þ

whereCgly is the concentration determined from the calibration curve.

Conformal soldering of conductive organogels and measure-
ment of contact resistance
The CP-PVA organogels could be soldered to themselves or some
common metals such as Cu, Sn, and Au. Typically, CP-PVA organogel
was first dip-coated with a sans-glycerol CP/PVA aqueous solution
(containing 26.1mgmL−1 PVA and 7.4mgmL−1 CP) and then gently
pressed against the targeted adherend (~5 kPa), and left to stand at an
ambient temperature (~25 °C) for 12 h. Afterward, the assembly was
thermally annealed at 80 °C for 2 h or subjected to via local laser
irradiation to establish an electrical connection. Particularly, for
bonding with metal substrates, the surface was first cleaned with
ethanol to remove organic contaminants, followed by 5min of oxygen
plasma treatment to enhance surface hydrophilicity.

In the control experiments, different soldering solutions were
employed including PVA/CP glycerol solution (glycerol content: 4wt%
relative to the total mass of the final solution, CP and PVA concentra-
tions: 7.4mgmL−1 and 26.1mgmL−1 respectively), sans-glycerol aqu-
eous CP solution (solid content: 1.1–1.3 wt%), and sans-glycerol
aqueous PVA solution (solid content: ~10wt%). The soldering process
was then performed following the same procedures as
described above.

The contact resistances between the organogel and conductive
adherent weremeasured using a sourcemeter (2450Graphical Source
Meter, Keithley, U.S.) in a two-probe configuration. A linear voltage
sweeps from −3 V to +3 V were applied, and the corresponding current
response was recorded.

Fabrication of organogel-based printing circuit boards
The CP-PVA organogels, with a solid content of ~50wt% and CP’s
relative content of 22wt% (relative to the total mass of CP and PVA),
were used for experiments. The CP-PVA organogels were cut into
rectangular stripsmeasuring 10 cm in length and 3.5 cm in width using
a scalpel. Subsequently, 6 channels conductive traces (spacing:

5.5mm, width: 1mm) were induced on the CP-PVA organogels via
continuous laser direct writing with an optical power density of
150Wm−2 (wavelength: 532 nm, spot size: 0.3mm) at a fixed scanning
speed of 6 cms−1. The organogel-based printing circuit traces could be
connected to two zero-insertion-force (ZIF) connectors, capable of
transmitting analog signals within a wide range of frequencies (10
MHz-100 HZ).

Closed-loop recycling of conductive CP-PVA organogels
CP-PVA organogels can be closed-loop recycled through dissolution
followed by selective solvent evaporation. Specifically, CP-PVA orga-
nogels (30mm in length and 20mm in width) with laser-patterned
conductive traces were dialyzed in a small amount of water to remove
glycerol, and the resulting dialysis solution containing glycerol was
collected for subsequent reuse. The dialyzed sample was then dis-
persed in 1mL of deionized water and stirred at 80 °C until a clear
solution was obtained. After cooling to room temperature, the pre-
viously collected dialysis solution was added to recover the glycerol
content (2wt%, relative to the totalmass of the solution). The resulting
mixture was filtered through a 220μmpore size membrane, drop-cast
onto a glass plate (volumetric loading: 0.2mL cm⁻2), and allowed to
dry under ambient conditions (25 °C) for 24 h.

Preparation of organogel-based electronic wristband and EMG
signal capture
A p-CP-PVA organogel (180mm×50mm×75μm) was patterned into
electrical traces by a continuous laser (150Wm−2, wavelength: 532 nm,
spot size: 0.3mm, speed: 6 cmmin−1) to fabricate a one-body digital
wristband. The resultingdigital wristbandwas connected to abiosignal
acquisition board (Cyton Board, OpenBCI, U.S.) via a flexible printed
circuit board (FPCB) for EMG recording. The electrical connection
between the wristband and the FPCB was achieved using the con-
formal soldering method described above, where an aqueous CP/PVA
solder was applied at the interface and selectively irradiated by laser
(Fig. 6c). The acquired signals were wirelessly transmitted to a com-
puter via Bluetooth and post-processed with band-pass (0.5–100Hz)
and notch (50/60Hz) filters.

Fabrication of in-situ rewritable electroluminescence devices
Organogel-based electroluminescence devices adopted a sandwich
structure36, consisting of a patterned organogel bottom electrode, an
electroluminescent layer, an insulating layer, and a Cu top electrode
(Supplement Fig. 88). Patterned p-CP-PVA organogels (solid content:
40wt%, relative to the total mass of organogels, CP content: 22wt%
relative to the total mass of CP and PVA), serving as the bottom elec-
trode,wereprepared through laser irradiation as described above. The
patterned p-CP-PVA organogels were then coated with a ZnS electro-
luminescent layer through blade-coating uncured PDMS precursor
containing ZnS particles (mass ratio of PDMS to ZnS = 1:1.4) and soli-
difying in the ambient environment (25 °C) for 4 h. Next, barium
powder was dispersed in uncured PDMS at a 1:1 mass ratio and applied
atop the light-emitting layer to serve as the insulating layer, followed
by curing in the ambient environment for 2 h. Finally, conductive
copper paste was applied to the surface of the insulating layer to form
the electrode layer. The EL devices were activated by applying an
alternating current of 100V and 3 kHz between the CP-PVA organogel
and the conductive copper electrodes.

To reconfigure the electroluminescent pattern, a 15wt% glycerol
solution containing 2M CaCl2 solution was dropped onto the surface
of the bottom electrodes in the EL devices and left static for 3 days,
during which the previously patterned conductive traces were erased
(Supplementary Fig. 90, 91). Then, CaCl2 was removed by repeated
dialysis in a 15 wt% glycerol solution (four times), followed by partial
drying in the ambient environment. The recovered high-resistance
organogel electrode was subsequently repatterned with new
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conductive traces via continuous laser direct writing, enabling the
rewriting of the electroluminescent pattern.

Fabrication of in-situ rewritable LED bands
The p-CP-PVA organogels, with a solid content of ~40wt% and CP’s
relative content of 22wt% (relative to the total mass of CP and PVA),
were used for experiments. Subsequently, conductive traces were
patterned on the CP-PVA organogel by a continuouswave laser (power
density: 150Wm−2, wavelength: 532 nm, spot size: 0.3mm, speed:
6 cmmin−1). The conductive traces as shown in Supplementary Fig. 53.
The aqueous CP/PVA solder (the concentrations of CP and PVA were
7.4mgmL−1 of CP and 26.1mgmL−1) was printed onto the CP-PVA
organogel through a customized stencil, serving as contact pads for
LEDs. Then, the LEDs are placed on the corresponding contact pads.
Finally, the LED bands were left at ambient temperature (~25 °C) to
selectively evaporate excess water from the CP/PVA aqueous solder,
and powered by a constant current of 20mA.

To study the in situ re-writability of CP-PVA organogel-based LED
bands. CP-PVA organogel-based LED bands were immersed in 15wt%
glycerol solutions (relative to the total mass of solution) with a salting-
in effect (e.g., 2MCaCl2 solution) for 3 days. Then, the LEDbands were
dialyzed in 15wt% glycerol solution for 24 h and selectively evaporated
in an ambient environment (~25 °C) overnight to erase the conductive
traces of CP-PVA organogels. The CP-PVA organogels were subse-
quently rewritten with new conductive traces via continuous laser
direct writing with an optical power density of 150Wm−2 (wavelength:
532nm, spot size: 0.3mm) at a fixed scanning speed of 6 cm s−1 (Sup-
plementary Fig. 53).

Fabrication of organogel-based stretchable circuitry model for
audio playing
The organogel-based stretchable circuitry model was fabricated by
constructing an audio circuit with a patterned CP-PVA organogel ser-
ving as a printing circuit board. Here, we patterned the p-CP-PVA
organogels to create conductive traces and contacts for circuit appli-
cations. The p-CP-PVA organogels, with a solid content of ~40wt% and
CP’s relative content of 22wt% (relative to the total mass of CP and
PVA), were used for experiments. Subsequently, conductive traces
were constructed on the p-CP-PVA organogels by a continuous wave
laser (power density: 150Wm−2, wavelength: 532 nm, spot size:
0.3mm, speed: 6 cmmin−1). The CP/PVA aqueous solder (the con-
centrations of CP and PVA were 7.4mgmL−1 of CP and 26.1mgmL−1)
was printed onto the p-CP-PVA organogel, serving as contact pads for
electronic components. The electronic components are placed on the
corresponding contact pads. Finally, the electronic components were
left at room temperature to allow the evaporation of excesswater from
the CP/PVA aqueous solder. Detailed circuit diagram and printed cir-
cuit board design areprovided in Supplementary Fig. 54, and the list of
components can be found in Supplementary Table 5. The organogel-
based audio player circuit was powered by a lithium-ion battery.

Statistical analysis
All experiments were conducted with a sample size of at least four
(n ≥ 3), and results were presented as mean± standard deviations (SD)
or as box-and-whisker plots. Statistical analyses were performed using
the two-sided t-test for comparisons between two groups or one-way
analysis of variances (ANOVA) for comparison amongmultiple groups,
using Origin software. Significance levels were assessed using p values.
For AFMcharacterizations shown in Figs. 2k, 3g, and 4j–l, the displayed
images correspond to one of the repeated trials, and the reproduci-
bility across independent replicates was confirmed. Electro-
physiological recording data were pre-processed using a bandpass
filter (5–50Hz) implemented in Origin software. All statistical analyses
were performed using IBM SPSS Statistics 27.

Ethical approval
All animal experiments were performed in accordance with the Guide
for the Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee (IACUC) of Nanjing
University of Science and Technology (authorization number: ACUC-
NUST-20250228019).

Surface electromyography recordingswere performedon healthy
adult male volunteers (22-28 years old) after written informed consent
was provided. According to the Human Research Ethics Committee
(HRECs) of Nanjing University of Science and Technology, formal
ethical approval for these surface electromyography recordings was
not required.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The main data supporting the results in this study are available within
the paper and its Supplementary Information. Source data are pro-
vided with this paper.
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