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Bioelectronics with Topological Crosslinked Networks for

Tactile Perception
Minggqi Ding, Pengshan Xie, and Johnny C. Ho*

Bioelectronics, which integrate biological systems with electronic components,
have attracted significant attention in developing biomimetic materials

and advanced hardware architectures to enable novel information-processing
systems, sensors, and actuators. However, the rigidity of conjugated
molecular systems and the lack of reconfigurability in static crosslinked
structures pose significant challenges for flexible sensing applications.
Topological crosslinked networks (TCNs) featuring dynamic molecular
interactions offer enhanced molecular flexibility and environmentally

induced reconfigurability, decoupling the competition between performances.
Here, recent advances are summarized in assembly methods of bioelectronics
with different TCNs and elaborate ion/electron-transport mechanisms from
the perspective of molecular interactions. Decoupling effects can be achieved
by comparing distinct TCNs and their respective properties, and an outlook

is provided on a new range of neuromorphic hardware with biocompatibility,
self-healing, self-powered, and multimodal-sensing capabilities.

monitoring, and material identificat-
ion.'*l Owing to the stiffness and brit-
tleness, conventional silicon-based semi-
conductors are unsuitable for implan-
tation as a tactile sensing accessory.*l
Neuromorphic devices, employing or-
ganic conjugated systems capable of
generating intelligent responses to en-
vironmental variations, have garnered
considerable attention in the field of
artificial neuromorphic perception,l>”!
while their segmental rigidity and elec-
tronic barriers to ion transport result in
suboptimal flexibility and sensitivity.®!
Constructing crosslinked networks with
ionic components presents a promising
solution to conquer the non-flexibility
issue, while ion gels remain susceptible

The development of TCN-based bioelectronics can significantly impact the
fields of artificial neuromorphic perception devices, networks, and systems.

1. Introduction

To improve efficiency, reduce error rates, support decision-
making, and enhance quality of life, there is a growing demand
for advanced functionalities in human-machine interactions,
which include applications, such as object manipulation, health
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to swelling/dehydration when exposed
to the environment.[°! Consequently, it is
challenging to decouple the competition
in flexibility and conductivity for neu-
romorphic devices and simultaneously
suffice the requirements of sensitivity
and stability.

Topological crosslinked networks (TCNs) are polymer ar-
rays comprising monomer units organized through highly
oriented and reversible non-covalent bonding interactions.[1%12]
Understanding the dynamic interactions in TCNs is critical
for elucidating the structure-property relationship, particu-
larly between molecular interactions and viscoelasticity.!'*%]
Through modulating the viscoelasticity of TCNs by material
processing and external stimuli, molecular flexibility and ion
transport of TCNs can be adjusted, and the fabricated ion gels
with specific TCNs will be applied in line with the material
properties (Figure 1). Compared to chemically crosslinked
structures, TCNs provide abundant dynamic hydrogen bonds,
which enable self-healing properties and improved interfacial
adhesion in devices.'®1°] Additionally, designing slide-ring
structures through host-guest interactions can increase the free
volume available for molecular motion, thereby improving the
stretchability of the material.[?*-2%] Furthermore, the metal-ligand
assembled branched nanoclusters possess a regular arrangement
of the repeated monomers in one polymer chain,!?*-2% whose in-
troduction increases hydrogen-bond crosslinking density, which
in turn enhances the mechanical strength of the ion gels.*¥]
Besides, integrating TCNs with conjugated systems can impart
quantum effects or chirality to the ion gels, resulting in distinc-
tive physical properties.['>?°] All these TCNs based on molecular
structure design are fundamental to developing neuromorphic
devices.
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Figure 1. The construction of an artificial tactile system inspired by a biological system. The viscoelasticity can be modulated by rationally designing the
molecular configuration/chemical components to decouple the competing effect of device performances.

Bioelectronics is a highly interdisciplinary field, encompass-
ing polymer physics, materials engineering, 22 biosensing, in-
tegrated circuits, and neuronal algorithms.[?-3!] Based on pre-
vious research, topological molecular science-guided bioelec-
tronics (TCN-E) have garnered magnificent breakthroughs. Cur-
rently, the purpose of topological crosslinking design is to solve
three main problems in electronic skin (e-skin) and tactile per-
ception systems (Figure 1): 1) decouple competing effects (i.e.,
mechanical properties and conductivity) using multiple molecu-
lar building blocks to meet complex requirements!**-*}; 2) mod-
ulate conductance by molecular reconfiguration (assemble and
disassemble) through external-stimuli, enhancing the sensing
range of bioelectronic!®*-%"]; 3) optimize bioelectronic interfaces
by combining similar topological molecular systems in con-
ductors, semiconductors, and dielectrics, serving as electrodes,
channels and substrates, respectively.?®*! Besides, the abun-
dant reactive sites and more reconfigurable molecular interac-
tions of TCNs are advantageous in biological sensing and neuro-
morphic computing, compared with organic electronics of only
conjugated semiconducting systems.[***!] Specifically, biological
signals can be transduced into electrical signals through ion-
electron coupling for neuromorphic computing.*** Addition-
ally, the reconfigurable molecules in TCN-E endow the capa-
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bility of modulating synaptic weight.[*#¢] Compared with static

crosslinked structures, ionic-electronic coupling in TCN-E is ef-
ficient owing to unique topology-induced ion transport, such as
coordination-assisted single-ion transport in slide-ring structure
and proton transport in hydrogen-bonded structure, which in
turn improves the sensitivity while processing the afferent bio-
logical signals.¥’~*] Integrating flexible biosensors with synaptic
devices enables perception and computational functions, while
the interfacial mechanical mismatch and complexity of the con-
ductance mechanisms remain significant challenges for prac-
tical applications.[*#5%51] Consequently, it is crucial to integrate
TCN assembly methods with appropriate interaction and conduc-
tance modulation mechanisms to rationally design bioelectron-
ics, facilitating the perceptual evolution of neuromorphic devices
(Figure 1).

In this review, we discuss recent research wherein bioelec-
tronics are rationally designed by the topological crosslinked
structure, the mechanical and physical properties of TCNs with
the relative applications of TCN-E. Initially, we systematically
summarize the assembly strategy of representative TCNs, which
aims at decoupling competition between mechanical and con-
ductive properties, such as dual-network hydrogel, nanocluster-
strengthened and slide-ring crosslinked structures, followed by
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introducing the basic physical process of organic ionic-electronic
conductors and topological structure-induced special conduction
mechanism. Afterward, we provide a comprehensive review of
recent advances in the design of bioelectronic devices utilizing
TCN design for artificial tactile neurons, such as self-powered,
self-healable, and multimodal-sensing capabilities. Finally, we in-
vestigate handicaps that should be combated to achieve high in-
tegration, sensitivity, and stability in the tactile perception system
and provide insight into the promising opportunities of TCN-E.

2. Assembly of TCNs

Recently, neuromorphic devices have attracted considerable re-
search interest, with a significant growth in TCN-based ion gels.
Notably, according to the distinct molecular interactions, it is
stipulated to choose suitable components for assembling differ-
ent TCNs and achieving relative functions. Structurally, long-
chain polymers with plentiful hydroxyl or carboxyl groups are
susceptible to forming hydrogen-bonded networks, possessing
superior molecular flexibility and biocompatibility.>2] By freeze-
thaw cycling and sol-gel transition, dual-network hydrogels pos-
sess anti-freezing/anti-swelling and injectability.>3! Additionally,
through metal-ligand coordination, nanocluster-strengthened
crosslinked networks possess excellent tensile strength due to the
increased crosslinking density.l®*! In order to optimize engineer-
ing technologies, decouple the competing effects, and enhance
stretchability, a comprehensive understanding of assembly meth-
ods and molecular interactions is prominent. In this chapter, we
will introduce the modulation strategy of viscoelasticity by con-
structing different TCNs and addressing scientific or engineer-
ing controversies.

2.1. Dual-Network Hydrogel

A dual-network hydrogel, formed by crosslinking two polymer
molecules with hydrogen bonding, possesses enhanced molecu-
lar entanglement (Figure 2a). Polyvinyl alcohol (PVA), with su-
perior hydrophilicity and biocompatibility, is one of the conven-
tional flexible polymer matrixes for bioelectronics.>>>’] In or-
der to endow PVA-based hydrogels with ionic-electronic con-
duction capability and mechanical stability, it is necessary to in-
troduce other polymers such as polyacrylamide (PAM), polypyr-
role (PPy), polyaniline (PANI), and crosslinking agents into the
gel skeleton.l>’-%] Besides, the linear and flexible topological na-
ture of PVA endows fast crystallization when complexed with
conjugated molecular systems, and the nanocrystals formed by
PVA can enhance the interfacial adhesiveness and stability of
the hydrogels.[®!] Nevertheless, micromolecular crosslinkers will
generate dense interaction with the long-chain hydroxyl-full poly-
mers due to the high crosslinking density, hindering the for-
mation of a homogenous molecular structure by mechanical
mixing. Notably, the processing temperature is a critical in-
dex affecting the strength of hydrogen bonding in molecular
networks.[2% Detailly, dual-network hydrogels can be synthe-
sized by temperature-triggered sol-gel transition, and freeze-thaw
assisted hydrogen reassembly, indicating the processability of
bio-engineered integrated circuits (i.e., printing or molding), fa-
vorable elasticity, and conductivity. In order to better design the

Adv. Physics Res. 2025, 2400165 2400165 (3 of 25)

www.advphysicsres.com

material structure and reaction conditions, the molecular config-
uration of the polymer and the corresponding molecular weight
(MW, unit: g mol™?), viscoelasticity (the ratio of loss and storage
modulus, G"/G’ = tans), and glass transition temperature (T,
unit:°C) need to be clarified. The detailed molecular information
is illustrated in Figure 2b.

2.1.1. Sol-Gel Transition

Sol-gel transition is a facile assembly method for reconfigurable
crosslinked networks, which promises a strategy for circuit
painting and injectable printing (Figure 2d).5%¢>6¢1 Modifying
water content and viscosity in the system is vital for smooth ex-
trusion. As reported by Niu et al., the flexible and ion-conductive
molecular elastomer could be processed by evaporating/casting
the aqueous mixture composed of PVA and organic ionic
liquid (inositol hexakisphosphate (IP6)).’®) This molecular
system is capable of versatile processability, and the fabricated
bioelectronics possessed skin-like softness (Young’s modulus
~0.3 MPa), large stretchability (%573%), and out-standing elastic
restorability while displaying excellent ionic conductivity of
4.5 x 1072 S m~! at 25 °C. However, hydrogen bonding-based
hydrogel will become solid-state through dehydration. Thus, it is
significant to modify the rheological behavior of the solvent pre-
cursor for a successful sol-gel printing process. Li et al. proposed
a simple heating method to evaporate water, achieving viscosity
modulation of poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) and PVA composite hydrogel.l”]

By controlling the solid content of the suspension (from 1% to
3%), the viscosity of the PEDOT:PSS aqueous solution increased
from 25 mPa s—1 to 174 mPa s7!, indicating the feasibility of
injectable printing for biosensors. Besides, in a fixed system, the
viscosity can be modulated by reconstructing the molecular struc-
ture of crosslinking agents, resulting in variations in sol-gel tem-
peratures. Polyphenol-assisted gelation combines hydroxyl-rich
biocompatible polymers with polyphenol compounds through
dynamic physical bonding and can obtain different sol-gel transi-
tion temperatures with various topologies.>>%! Luque et al. pro-
posed that using plant-derived pyrogallol can achieve a modu-
lable reconstruction temperature by changing the quantities of
phenolic hydroxyl groups.®! As a result, thstrong PVA-gallic
TCN is equipped with near-covalent elastic moduli and a suitable
sol-gel transition temperature for injection printing.

2.1.2. Freeze-Thaw Cycling

Freeze-thaw assisted hydrogen reassembly, untangling the initial
crosslinked network by thawing and boosting regulated molecu-
lar arrangement by freezing, is a strategy to increase crosslink-
ing points, enhancing resilience and anti-swelling/dehydration
of ion gels by repeated solid-gel transitions (Figure 2¢).">7% As
the number of freeze-thaw repetitions increases, the crosslink
density within the hydrogel increases, sacrificing the flexibil-
ity of the gel for improved elasticity. Borates and phosphates
are the conventional utilized micromolecular crosslinkers, ben-
efiting from their stable molecular structures with polyhydroxy
units. Nevertheless, owing to the strong hydrogen interaction,
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Figure 2. a) lllustration of dual-network hydrogel.[®®] Reproduced with permission. Copyright 2024, Wiley-VCH GmbH; b) Common polymers utilized

in hydrogel systems with their molecular information.[>?

,55,57,60,65,70,71]. c)

Freeze-thaw cycling method, with the morphology of porous structure and

stability of the ion gels.[??] Reproduced with permission. Copyright 2024, Elsevier; d) Sol-gel transition method, with DSC curves of the ion gels under
different water content.[>®] Reproduced with permission. Copyright 2023, Wiley-VCH GmbH.

the poor flexibility of the fabricated ion gels impedes further bio-
electronic applications such as body movement sensing or tac-
tile perception.l’”! Zhu et al. combined the salt-immersion pro-
cess with a freeze-thaw method to simultaneously endow the hy-
drogel with superior elasticity (elongation at break: 8.18 times),
environmental stability, and ionic conductivity (3.59 S m™), dis-
playing great responsibility (128 ms), sensitivity (Gauge Fac-
tor (GF) = 1.82 at 350%-500% strain) and durability while act-
ing as a strain sensor.”?! Notably, this physical crosslinking
method can avoid toxic reagents and provide a facile strategy
to construct a crosslinked network with microstructures. As
reported by Pan et al.,, by conducting several freeze-thaw cy-
cles, the fabricated PVA hydrogel microneedles possessed excel-
lent elasticity and mechanical properties, which are conducive
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to stable drug release.”? In addition, multifunctional ion gels
with dual-network or even triple-network can be facilely con-
structed by repeated freeze-thaw cycles, such as PVA with Gel-
lan gum (GG), polyetherimide (PEI), sodium glycinate (SG), and
starch.[647475.78]

2.1.3. Performance Comparison

Sol-gel transition and freeze-thaw cycling can reassemble hydro-
gen bonding by modulating the viscoelasticity of ion gels, solving
the engineering challenges for IC/microstructure printability
(Figure 2d) and environmental stability (Figure 2c), respec-
tively. Hydrogels assembled by freeze-thaw cycling possess
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Table 1. Mechanical and electrical properties of dual-network hydrogel.

Method/Interaction Material Ry [MPa] 6[%] o[Sm™'] Ref
Sol-gel (H-bond) PVA/IP6 125 573 0045  [56]
PVA/PPy 94 36 8000 [57]
PVA/PBS/LICl 552 6536 83  [65]
PVA/kC 0.054 117.81 50  [66]
PVA/PEDOT:PSS 2.5 25 0.004 [67]
PAM/Chitin-graft-PANI 084 1303 48  [59]
PAM/Chitin 0.214 1586 0.62 [80]
PAM/CD 0.109 5443 0.29 [70]
Freeze-thaw (H-bond) PVA/CD 0.5 314 2.48 [58]
PVA/PANI 005 170 408  [60]
PVA/SPI 14 772 146 [63]
PVA/Starch/Gly 053 793 100  [64]
PVA/Gly/ADSP 226 8186 359  [72]
PVA/TA/GG 1.2 891 327  [74]
PVA/PEI/Gly-Na 22 38 554  [79]
PVA/Gly-acid 055 510 511  [76]
PVA/Starch/[Emin]Ac 053 580 275  [78]
PVA/PU 6 680 1 181]

Abbreviations: ADSP: acetylated distarch phosphate; CD: cyclodextrin; Gly: glycerin;
kC: k-carrageenan; PBS: polybutylene succinate; SPI: soy protein isolate; [Emin]Ac:
1-ethyl-3-methyl imidazolium acetate; Rm: tensile strength; 6: elongation; o: conduc-
tivity.

environmentally friendliness compared with chemically
crosslinked hydrogels, which are suitable for application
scenarios requiring hydrogel exposure to air, such as humid-
ity/temperature sensors for tactile perception. Compared with
the freeze-thaw method, the advantages of sol-gel transition are
fast molding and shape-mouldability. At the same time, mechan-
ical matching (tand) and magnificent differences of T, between
the two molecules are essential to avoid phase separations in
processing and provide wider temperature windows for mechan-
ical/electrical properties modulation. For instance, tané of PVA,
and PPy share the same magnitude (10~'~10") and different T,
(85°C and 250°C), indicating good mechanical matching and
superior performance of PVA/PPy hydrogel system (Figure 2b
and Table 1).

Typically, hydrogels composed of two linear polymers with
flexible and conjugated segments (PVA/PPy, PVA/PANI, and
PVA/PEDOT:PSS), respectively, possess superior mechanical
strength and conductivity compared with flexible-polymer/ion-
liquid material systems (Table 1). Besides, compared with
linear-linear combination, linear-cyclic dual-network hydrogel
(PAM/CD) possesses higher stretchability (5443%) but lower ten-
sile strength at breaking (0.109 MPa), due to the relatively free
motion of cyclic molecules. Additionally, the coexistence of co-
valent and hydrogen-bond crosslinking points of dual-network
hydrogel allowed it to exhibit more comprehensive performance
than static crosslinked networks, showing high toughness and
network stability (Figure 3a). Apart from the favorable process-
ability, stability, and conductivity, dual-network hydrogel typically
possesses spectra-transparency, broadening the applications in
see-through electronics, invisible soft robotics, and other optical
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fields such as contact and liquid lenses, in vivo optical sensors
and body-contact optical fibers, as well as smart windows for tem-
perature, electrical and humidity control (Figure 3b).l7080-82]

2.2. Nanocluster-Strengthened Crosslinked Structure

Topological nanoclusters (i.e., branched supramolecular
nanoparticles) are generally utilized to enhance the mechan-
ical properties and electrical conductivity of the ion gels by
assembling star, branched, and dendritic monomers with cross-
linkable terminal groups.[*>#3-%] Compared with linear polymer
skeleton, ion gels with branched crosslinked structures possess
higher crosslinking density through multi-connection between
molecular arms, thus enabling unique rheological properties
of the fabricated bioelectronics.[**3¢] However, the hydrogen-
bonding interaction between the macromolecular chains is
relatively weak, which requires external cross-linking stimuli,
such as photoinitiation or polymerization by acclimatization
rather than simple mechanical triggering.’*##] Owing to
plentiful sacrificial bonding inside the nanoparticles, ion gels
possess superior tensile strength and stretchability. According
to the different molecular interactions, the assembly strategy of
topological clusters can be categorized as host-guest interaction
and metal-ligand coordination, and the illustration of the TCN
is shown in Figure 4a. To optimize the reactant ratios, the
molecular information of staple organic ligands and host/guest
molecules needs to be clarified (Figure 4b).

2.2.1. Metal-Ligand Coordination

Metal-ligand coordination, typically utilizing transition metal
atoms as the allotropic center and organics containing lone-
pair electron functional groups as the ligands, is a facile
synthesis method to construct branched supramolecular
nanoparticles.5+8%901 Polyphenol-like biological extracts and
their monomeric derivates, classified as tannic acid (TA), caf-
feic acid (CA), gallic acid (GA), ellagic acid (EA), catechol,
and lignin, are the conventional coordinated ligands, owing to
their hydroxyl-rich characterization, resource extensivity, high
biocompatibility, ease of modification and degradation.(+3591]
For instance, Fe** and catechol could be mixed to construct the
crosslinked network, forming magneto nanoparticles (Fe;0,)
(~50 nm) by in situ mineralization, resulting in mechanical
reinforcement and defects minimization of ion gels with a
small number of minerals.I®®] Besides, monophenols can be
coordinated with metal ions and crosslinked with long-chain
macromolecules to form high-strength ion gels, owing to the
higher specific surface hydroxyl functionality and rigid bi-lactone
structure. TA undergoes molecular reorganization in synthe-
sizing monophenols by hydrolyzing them into GA first and
then forming sheet-like EA structures under ultrasonication.
Additionally, through Fe** ions mediated assembly, the phenolic
ligands are constrained by the coordination of Fe** to establish
a homogenous nanostructure.>* Benefiting from the regular
morphology of nano-assemblies (=35 nm), the photocured ion
gel possessed ultra-robust mechanical properties and molecular
flexibility, capable of body motion sensing and health monitoring
under severe environmental conditions (Figure 4c).
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Figure 3. a) Mechanical performance comparison between the dual-polymer network (DPN) and covalent polymer network (CPN), indicating the en-
hanced toughness and more crosslinking points of the dual network hydrogel.[’?] Reproduced with permission. Copyright 2023, Wiley-VCH GmbH;
b) The electrical/optical performance of the dual-network hydrogel shows great stability and transparency while working as an electronic device.!8]

Reproduced with permission. Copyright 2022, Springer Nature.

2.2.2. Host-Guest Interaction

Host-guest interaction is a method of assembling differ-
ent functional molecules or polymers onto the surface of
nanoparticles through mnoncovalent interactions between
molecules (e.g., hydrogen bonding, z-r interactions, elec-
trostatic interactions).[?*#893] Cyclodextrins (CDs), a class of
cyclic oligosaccharides composed of glucose units possessing
superior molecular recognition ability (since hydrophilic and
hydrophobic groups of CDs are capable of recognizing the
corresponding groups with similar affinity, respectively), are
commonly used host molecules for responsive nanocluster
assembly.l®*%] Through noncovalent interactions, the CD can
be crosslinked with hydrophilic molecules like polyethylene
glycols (PEG), PAM, and gelatin or acrylic-esters such as glycidyl
methacrylate-1-adamantanamine (GMA-Ad).[22%8] Additionally,
combined with the electrical conductivity and flexible topological
network of the ion gels, the sensors are equipped with extremely
high sensitivity as biosensors or strain sensors. For instance,
Chen et al. synthesized PEG/S-CD topological nanoparticles
by isocyanate chemistry and dialysis (%530 nm), which after-
ward hydrogen bond-crosslinked with GMA-Ad skeleton, the
PEG/p-CD nanocluster-strengthened strain sensor displayed a
wide sensing range of 0%-1800%, enabling comprehensively
monitoring of human activities (Figure 4d).38 Notably, the
modulation between stiffness and elasticity of ion gels depends
on nanoparticle crosslinkers’ size. Wang et al. proposed a three-
component supramolecular approach to control nanoparticle
size, including Ad-grafted polyamidoamine as dendrimer cen-
ter/core, p-CD-grafted branched PEI as propagation groups,
and Ad-functionalized PEG as solvation groups.’] The size
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of supramolecular nanoparticles can be altered by tunning the
mixing ratio of propagation/solvation groups (x30-450 nm).

2.2.3. Performance Comparison

As for the assembly of nanoclusters, the advantages of the metal-
ligand method are gentle reaction conditions and green and facile
fabrication, while the removal of spare ligands and purification
of nanoclusters are problematic. On the other hand, although
host-guest chemistry has a high molecular recognition capability
and can precisely regulate the reaction process through specific
host-guest interactions, resulting in nanoparticles with control-
lable size and morphology, there are still technical issues such as
the limited choices of host molecules, precise structural modu-
lation during chemical synthesis, high costs of partial chemicals
(CDs) and difficulties in scale-up fabrication. The introduction
of nanoclusters decouples the competing effects between tensile
strength (30.9 MPa) and conductivity (0.01 S m™) through rela-
tively robust metal-ligand interaction, while the host-guest nano-
assemblies made by CD enhance the stretchability (1860%) of
the ion gels (Table 2). Compared with branched topological nan-
oclusters (metal-polyphenol), cyclic molecules possess a more
free volume of segments, thus suitable for wearable/flexible bio-
electronics. The robust ion gels fabricated by metal ligands are
proficient in organization engineering for neuronal regeneration
and impact-resistant protective materials. Except for mechanical
sensing, the photoluminescence of ion gels is a critical index
owing to the fastest response time of photons, which can pro-
vide an optical detecting mode for strain sensing and biosens-
ing. For instance, Song et al. modulated the band structures
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Figure 4. a) lllustration of nanocluster-strengthened network.[*] Reproduced with permission. Copyright 2023, Elsevier; b) Crosslinking donors and
coordination sites of the commonly used components; c) Metal-ligand method. The dielectric/tensile test and sensing performance of the ion gels
demonstrated great molecular flexibility and mechanical enhancement.[*] Reproduced with permission. Copyright 2023, Springer Nature; d) Host-
guest reaction. The rheological behavior and tensile test reflected the modulable viscoelasticity and enhanced stretchability of the crosslinked network.[88]
Reproduced with permission. Copyright 2021, Elsevier; €) Multimodal (strain-photoluminescent) sensing.[%?] Reproduced with permission. Copyright

2021, American Chemistry Society.

and optical properties of quantum dots by controlling the size,
and realizing the concentration monitoring of hydrazine as a
result.®®! In addition, the intensity and wavelength of photolu-
minescence can be modulated through ligands and metal trans-
formation, respectively.[””] With the abovementioned strategies,
bioelectronics with superior sensing performance and reconfig-
urable physical properties can be fabricated, indicating the mul-
timodal sensing capability and application of fluorescence diag-
nostics (Figure 4e).

2.3. Slide-Ring Crosslinked Structure

Mechanically interlocked polymers (MIPs), utilizing dynamic
physical bonds to modulate the degrees of freedom in poly-
mer architectures, have opened new avenues for developing
reconfigurable polymers, particularly in molecular machines

Adv. Physics Res. 2025, 2400165 2400165 (7 of 25)

like switches and sensors.!®] Depending on the placement of
the components (within leading chains, side chains, or cross-
linkers), rotaxane units profoundly affect material properties.'%!
Among these, slide-ring crosslinked networks (SRGs), a critical
MIPs category where rings can freely move along the axle, form
figure of ‘8’ crosslinking structures that slide along polymer
chains, redistributing tension and enhancing properties like
stretchability, adhesion, and swelling (Figure 5a). For example,
a type of polyrotaxanes (PR) proposed by Jiang et al., where
multiple cyclic f-CDs are threaded onto PEG and prevented
from detaching by bulky end stoppers, is the typical slide-ring
supramolecular network that simultaneously enhances stretcha-
bility, interfacial compatibility and ductility of biosensors.[**) The
assembly mechanisms (i.e., ring-chain interactions), commonly
classified as metal-ligand coordination, hydrogen bonding, and
#-m stacking, significantly influence the viscoelasticity of ion
gels.
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Table 2. Mechanical and electrical properties of nanocluster-strengthened crosslinked network.

Method/Interaction Material R, [MPa] 6 (%] c[SmT D [nm] Ref
Metal-ligand PAM/BA@Fe** 3 600 0.059 NA [98]
ENR/PDA@Fe** 1.9 108.7 0.03 NA [99]
PDES/EA@Fe** 30.9 275 0.01 ~35 [54]
PEG/Catechol@Fe; O, 0.03 120 NA ~50 [85]
PHEMA/Lignin@Fe** 0.184 1976 1.99 ~128 [91]
HA/IM@Ni?* 5.68 600 6.863 x 1072 ~1 [100]
PAA/BACA@Au 0.015 800 0.2 ~10 [90]
PEO/PS@Li* 1.4 NA 9.5 % 1073 ~1.91 [101]
Host-guest PAM/PEG/y-CD 1.05 1000 NA ~5 [22]
PVA-Ad/CD/EGaln NA 800 1.58 x 10* ~500 [23]
PVA/Gelatin/P(5-CD) 0.054 778 1.67 NA 30]
PVA/Gelatin/$-CD 0.025 1200 6.4 NA 31]
PEG/GMA-Ad/f-CD 0.18 1860 0.24 ~530 88]
Polyurea/HCA 35 495 1.85 % 1072 ~30 [15]
CNF/CNC/PIL 6.2 260 0.62 ~50 [102]
PDAAM/HP-A 0.365 1170 0.16 NA [86]

Abbreviations: PEO/PS: polyethylene oxide/polystyrene; BA: butyl acrylate; ENR: epoxidized natural rubber; PDA: polydopamine; PDES: polymerizable deep eutectic solvent;
HA: 2-hydroxyethyl acrylate; IM: 1-vinylimidazole; PAA: poly(acrylic acid); BACA: N, N’-bis(acryloyl)cystamine; CNF/CNC: cellulose nanofiber/nanocrystal; PDAAM/HP-A:
poly(diacetone acrylamide)/acrylate-terminated hyperbranched polymer; PHEMA: poly(2-hydroxyethyl methacrylate); EGaln: indium gallium eutectic; HCA: hyperbranched
cluster aggregates; Rm: tensile strength; §: elongation; o: conductivity; D: size of nanocluster.

2.3.1. Metal Template Technology

Template strategy is currently the primary method for synthe-
sizing SRGs, assembling components through supramolecular
interactions, followed by a capture reaction (e.g., ring closure
or the introduction of terminations) to form dynamic crosslink-
ing bonds.['%*] Metal-ligand coordination, which can endow ultra-
robust mechanical properties, dynamic tunability, and tempera-
ture/chemical responsiveness to ion gels, is the most frequently
utilized template for SRG synthesis.['®] Additionally, the coor-
dination technologies are used in passive and active metal tem-
plate methods, which aim to assemble components for orienta-
tion and provide control over the dynamic bond conformation, re-
spectively. For instance, Stoddart and his co-workers first raised
the concept of mechanically interlocked molecules by utilizing
passive metal templates; besides, proposed by Bai et al., a dy-
namic oligo[2]rotaxane network was obtained from a [2]rotax-
ane molecule through copper (I)-catalyzed polymerization, which
possessed superior toughness, stiffness, and flexibility, benefited
from the active metal-ligand coordination.!'%! Subsequently, Ghi-
assinejad et al. systematically analyzed the locking effect of the
rings by palladium ions by modulating the ion concentration
and controlling ring mobility to affect the storage and loss mod-
uli of the ion gels (Figure 5b).[1%] Accordingly, the metal-ligand
interlocking is a facile strategy to construct SRGs with stimuli-
reconfigurability, promising future application in biosensing.

2.3.2. Hydrogen Bonding

Hydrogen bonding is similarly employed not only for threading
of polymer chains through cyclic molecules but also for wrap-
ping a circle to an axle, and the commonly used molecules are

Adv. Physics Res. 2025, 2400165 2400165 (8 of 25)

illustrated in Figure 5c (the information of PEG, PAM, and CD
ring can be viewed in Figure 4). For example, crown ethers are
used to thread linear molecules through macrocycles, depend-
ing on the weak complexation of hydrogen bonding between the
rings and axle. Gibson et al. reported a novel PR synthesized by
condensation of di-acyl chloride with 1,10-decanol in the pres-
ence of 30-crown-10 and, afterward, double-termination of triph-
enylpropionyl chloride-hydrolysis reaction capping.['”! Addition-
ally, ring mobility can be controlled by chemical (cation tem-
plates) or physical stimuli (light or electrochemical inputs).[1%!
For instance, Takata et al. linked crown ether rings to poly-
mer chains via click chemistry (ammonium group-crown ether
pairs) to form stable PR, regulating ring mobility through inter-
actions between the axle and the ring.'®! Besides, the treading
of axle and CD inclusion complexes can be effectively processed
by combining the hydrophobic effects between the linear poly-
mer and CD circles and the hydrogen bonding between adja-
cent CD rings. Consequently, except for PEG, CD-based PR with
various polymers have been reported, e.g., poly(propyleneglycol)
(PPG), poly(ethylene oxide) (PEO, high molecular weight PEG),
and poly(isobutylene) (PIB).323+110-113] However, the free motion
of the ring may lead to phase separation; in addition, the strength
of hydrogen bonds is sensitive to humidity and solvent polar-
ity. Thus, encapsulation and segregation will be required for the
practical application of bioelectronics.

2.3.3. z-m Stacking
z-m stacking and charge transfer interactions have also been
adopted to construct PR, particularly involving cyclobis(paraquat-

p-phenylene) (CBPQT**) as a cyclic component."* Stoddart
and colleagues synthesized PR containing 1,5-dioxynaphthalene
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Figure 5. a) lllustration of the slide-ring network.['%] Reproduced with permission. Copyright 2024, Elsevier; b) Metal template technology. The rheologi-
cal behavior/viscoelasticity comparison between fixed-ring gels and free-ring gels.l'%] Reproduced with permission. Copyright 2024, American Chemical
Society; c) Crosslinking donors/coordination sites of commonly used molecules for hydrogen bonding method; d) z-z stacking method.[?*! Reproduced

with permission. Copyright 2021, Wiley-VCH GmbH.

(DNP) units as z-electron donors and CBPQT** as acceptors, re-
sulting in robust, dynamic folding of the ion gels.'’) Besides,
2D conjugated molecules are interlocked by rings through z-z
stacking, preventing self-aggregation of 2D molecules and pro-
viding structural modularity by controlling the feeding amount
of ring, thus endowing unique optical properties of the gels
(Figure 5d). Hu et al. proposed a novel z-z stacking strategy
for fabricating single-layered 2D polymeric materials with chiral-
ity photoluminescent activity.l?! This device was prepared using
p-CD as a chiral macrocyclic wheel and a dynamic framework
1,6-diaminopyrene as the luminescent axle. The effect of p-CD
prevents the -7 stacking between the adjacent 2D conjugated
molecules, avoids the aggregation-caused quenching, and incor-
porates supramolecular chirality into the polymeric network. Ac-
cordingly, the motion of §-CD enables chirality modulation.

The properties of SRGs are closely related to the mobility of
their crosslinking points, where the free movement of the rings
provides enhanced stretchability (Table 3), resilience, and other

Adv. Physics Res. 2025, 2400165 2400165 (9 of 25)

reconfiguration-induced unique properties. The relationship be-
tween ring mobility and ring-chain interaction in these systems is
crucial for developing materials with novel functionalities, broad-
ening the application field of bioelectronics, such as drug delivery
and mechano-luminescence. However, bioelectronics based on

Table 3. Mechanical properties of slide-ring crosslinked network.

Method/Interaction Material Ry, [MPa] 6[%] Ref
Metal-ligand Oligo[2]rotaxane/Pd?* 1.58 275 [105]
PEG-1500/HMDI/Pd2* (fixed) 0.1 167 [106]
PEG-1500/HMDI/Pd?* (free) 0.1 3200 [106]
H-bond Ad-PEG-Ad/CD 50 150 [32]
PAM/Ad-PEG-Ad/CD 0.156 740  [34]
ACA-PEG-ACA/CD 3 2540 [113]

Abbreviations: ACA: acrylamide; HMDI: hexamethylene diisocyanate.
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SRGs is beset by a synthetic problem (i.e., controlling ring num-
bers and precise structural modulation). Compared with hydro-
gen bonding and z-r stacking, the interaction strength of metal-
ligand coordination is stronger. Yet, using heavy metal ions is not
conducive to implantable bioelectronic application. Additionally,
the higher mobility of rings may cause undesirable stability of
carrier conduction in the aspect of biosensing.

3. Conductance Mechanism in TCNs

In addition to providing the feasibility of circuit printing and
microstructure processing, decoupling competition between me-
chanical and electrical properties, and enhancing elasticity, TCNs
can also achieve conductance modulation by molecular recon-
figuration. While our understanding of the conduction mecha-
nisms in TCNs is primarily ionic transport in polymer hydrogels
or polyelectrolytes, we initially focused on elucidating the under-
lying physical processes in conventional organic conductors. De-
tailed descriptions of the conduction mechanism can be found in
the scientific literature.[''® Furthermore, we elaborate on the ion-
dominant transport mechanism in TCNs from the perspective of
reconfigurable molecular interaction.

3.1. Electronic Transport

Electronic transport, occurring mainly in the conjugated sys-
tems, is intermediate between intramolecular band transport in
the ordered conjugated phase and intermolecular hopping trans-
port in the amorphous phase.[!'’] In organic conductors, in-
tramolecular transport of electronic charges occurs alongside the
z-m conjugated molecular chains through electron delocalization
of p-orbitals. In contrast, intermolecular transport is governed
by the overlap of p-orbitals between adjacent molecules!!16-118]
(Figure 6a). The discontinuous transport pathway of intermolec-
ular transport leads to low electronic charge mobility and electri-
cal conductivity compared with ordered band transport. For most
conjugated polymers, owing to the weak intermolecular force re-
sulting from a high degree of z-conjugation, static or dynamic
molecular disorders generally happen, resulting in the domi-
nance of thermally activated hopping and thus declining conduc-
tance in organic conductors!''?! (Figure 6b).

Based on the types of leading carriers, organic semiconduc-
tors can be categorized into n-type and p-type, which are utilized
as the channel layer for organic field effect transistors (OFETs)
and organic electrochemical transistors (OECTs).[''”] The devices
with n-type semiconductors are fast-response with a high on-off
ratio. At the same time, environmental stability is a critical issue
due to the material defects and interactions between electrons
and air molecules. On the other hand, p-type semiconductors are
more stable for long-term use, while the sensing performance is
worse than n-type.l'!?] The fabrication processes of organic semi-
conductors contain evaporation of small molecules in a vacuum,
casting of polymer solutions, and stripping of feedstock single
crystals to substrates.[''®) After deposition of the channel layer
on source-drain electrodes, ion gels with dynamic crosslinked
networks are typically coated on the channel as a gate dielec-
tric layer, forming an electronic double layer (EDL) to control the
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energy band structure and electronic transport of the channels
(Figure 6b)M'8]. Besides, electrochemical doping can influence
the density of electronic carrier charges by the ionic-electronic
coupling effect, hence realizing conductance modulation of the
conjugated crosslinked network.[*>118]

3.2. lonic Transport

Ionic transport is more complex than electronic transport,
whose mechanisms are related to the molecular/ionic cate-
gories and solvent content/compositions and can be classi-
fied as ion hopping, solvent/vehicle mechanism, and Grotthuss
mechanism.[120-123]

3.2.1. lon Hopping

For organic conductors, the transport capability of the ion chan-
nel is one of the critical indexes to evaluate the sensing perfor-
mance of bioelectronics. In the dry state (nonsolvent), ion hop-
ping is the dominant mechanism of ionic migration, dependent
on the mobility of backbone segments and side-chain groups
in the crosslinked network (Figure 6¢). Molecular flexibility is
related to the intrinsic chemical structures (C-C double bond
is more rigid than C-C single bond) and molecular free vol-
ume (intermolecular force) of the crosslinked skeletons, which
can be modulated by the soft/rigid segmental ratio and tem-
perature, respectively.['?* For instance, heterogenous blends or
copolymers (microphase segregation) and homogenous conju-
gated polyelectrolytes (without segregation) were synthesized to
control the soft/rigid ratio, thus enhancing ionic-electronic cou-
pling and capability of conductance modulation.[®") Additionally,
molecular segments are frozen below Tg, resulting in low hop-
ping efficiency, while high ionic mobility occurs when the tem-
perature is above T,.*) Accordingly, the ionic conductivity (o)
can be expressed regarding temperature-dependent functions in
organic conductors with fixed chemical structures. Depending
on the relationship between environmental temperature and T,
ionic conduction can be defined as molecular viscosity-guided
hopping (Arrhenius equation,['?°] 1) and thermally activated hop-

ping behaviors (Vogel-Tammann-Fulcher equation,[126127] 2):
o =0, e’;ﬁ (TS Tg) (1)
0 =0, T3 BT (T > Tg) (2)

where 6, denotes a preexponential factor. E, and k; represent
the activation energy and Boltzmann constant, respectively. T and
T, are the given temperature and a reference Vogel temperature
(equal to T, in ideal conditions), respectively. As demonstrated
in Equations (1) and (2), ionic conductivity and temperature are
positively correlated within a certain range, indicating the signif-
icance of modulation in T, (molecular flexibility) for high ionic
conduction performance.

3.2.2. Solvated Mechanism

Solvent plasticization, weakening intermolecular interactions to
reduce viscosity (e.g., plasticization of PVA by water or glycerin),
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Figure 6. a) Band-like transport in conjugated systems; b) Thermally activated electron-hoping occurred in amorphous regions; c) lon-hoping in a dry
state; d) Solvated/vehicle mechanism in the gel state; e) Grotthuss mechanism for proton transport. Reproduced with permission. Copyright 2023,

Wiley-VCH GmbH.

is another mechanism to enhance the ionic conductance of
organic ionic conductors (Figure 6d).['? Except for viscosity
reduction-induced promotion of ion hopping, in the swollen and
gel states of organic conductors, solvents can be the channels car-
rying organic/metal ions through coordination interaction.['?®]
Polar solvents, with higher solvation capacity, promote the sepa-
ration of anions and cations of ionic liquids and polyelectrolytes,
thus facilitating ion transport, especially of protons (some polar
solvents are also intensely nucleophilic, which prevent proton
bursting by polymer backbone groups!'??]).

3.2.3. Grotthuss Mechanism

For instance, in the case of the proton as the charge transport
carrier and water as the solvent, the proton will fast diffuse and

Adv. Physics Res. 2025, 2400165 2400165 (11 of 25)

transport through the Grotthuss mechanism (coordination bond
exchange) between water molecules or polymer-water hydrogen
bonding networks!*%! (Figure 6e). To assess the ion transport ef
ficiency in organic conductors containing solvents, the ionic con-
centration, ionic valence, ionic mobility, and ionic diffusion coef-
ficient must be considered. Similar to electronic transport, ion
transport can be classified as the cation (hole) and anion (elec-
tron) tunneling and quantified by the parameter of 5, which is the
sum of ionic conductivity provided by each ionic variety (i)!131]:

c= 2 n |z e 3)

i

where n;, z;, and e represent the ion concentration, ion charge,
and elementary charge, respectively. Additionally, y, is ion
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Figure 7. a) The main sensing mechanisms (modes) of strain sensing devices based on ion-dominant transport; b) Synaptic devices can be divided
into organic field effect transistors (OFETs), organic electrochemical transistors (OECTs), and organic synaptic memristors. HRS: high resistance state;

LRS: low resistance state.

mobility, which is convertible to diffusion coefficient (D,) via the
Nernst-Einstein relation!131-1331;

D; = RTu; )

where R is the gas constant, the above ion transport equations
in solvent-borne organic conductor systems hold under the as-
sumption of infinite molecular dilution. Yet, the ideal condition
is not present in swollen or hydrogel states. Considering ion
neutralization and aggregation, calculating o is a nonlinear su-
perposition; hence, the raw ion concentration in organic con-
ductors is not informative. Instead, ions and molecules’ ther-
modynamic activities are prioritized in determining ion trans-
port efficiency. Distinct from conventional conjugated systems,
TCNs possess more reconfigurable interactions such as hydro-
gen bonding, host-guest interaction, and metal-ligand coordina-
tion rather than only -7 stacking and van der Waals interaction,
leading to topology-related transport mechanisms and new con-
cepts for conduction modulation.[1%11:50.134]

3.3. lon-Dominant Transport in TCNs
Dynamic response in TCNs is the reconfigurable behav-

ior of conductivity changing in response to external stimuli
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(stress/electrical /optical pulses), whose mechanism can be di-
vided into electronic-dominant and ion-dominant responses.
Among these, sensors possessing ion transport channels sim-
ilar to those of synaptic neurons are extensively applied in e-
skin and wearable tactile perception systems. Based on sens-
ing mechanisms, they can be categorized as resistive, capaci-
tive, self-spiking sensors, and electrochemical synapse/neuron
devices (Figure 7).67:69135136] Equivalent electrical components
and connections to ionic sensors can be obtained by electrochem-
ical impedance spectroscopy (EIS) testing, and detailed mechan-
ical analyses can be found in the scientific literature.['?) For re-
sistive sensors, the mechano-responsivity (i.e., Gauge factor (GF):
the ratio of relative change in electrical resistance R, to the me-
chanical strain €) is one of the critical indexes to evaluate the
device performance, while variation in capacitance by generat-
ing EDL is the significant factor assessing the performance of
capacitive and self-spiking sensors.['*”:138] Except for the stretch-
ability of ion gels, ion conductivity is an indispensable prop-
erty for high GF value and the rapid establishment of EDL. As
mentioned in the last section, ion transport efficiency mainly de-
pends on the molecular flexibility of the crosslinked network. In
contrast, conventional bioelectronics is generally constructed by
rigid conjugated polymers, enabling electronic transport through
weakening ion transport.['*] Besides, the stability of the exist-
ing crosslinked network is environmental-dependent owing to
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the swelling and dehydration, and the internal solvent of the
crosslinked network is typically conducive to ion transport, lead-
ing to the competing effect between stable sensing performance
and high sensitivity.

In order to combat the handicaps in flexible bioelectronics, it
is vital to expound the relationship between ion transport and
molecular reconfiguration/interaction. Here, we elaborate on the
ion-dominant conductance modulation mechanisms from the
perspectives of thermodynamic activity (intermolecular force: co-
ordination interaction and hydrogen bonding) and incorporate
recent advances in enhancing sensing performance in bioelec-
tronics through topological supramolecular design.

3.3.1. Single-lon Transport in the Slide-Ring Structure

Since the Nobel Prize for supramolecular chemistry and the
invention of molecular machines, topological molecular and
supramolecular electronics have garnered tremendous atten-
tion, especially for studying molecular thermodynamics and
mechanisms of ionic/electronic transport.'*) The molecu-
lar host/guest can act respectively as ion/electron conduct-
ing bridges, or vice versa, and the conductance modulation is
achieved by the host/guest mutual motion and molecular inter-
action, whose scenarios are quantum interference, gating effect,
and the coupling of the formers.['!**1142] Ingpired by molec-
ular machines, a crosslinked network with a slide-ring struc-
ture can control the ion migration through the sliding move-
ment of rings, owing to the attendance of ions on molecules by
coordination interaction (Figure 8a). For instance, Bao’s group
proposed a conductance enhancement strategy by separating
PEDOT molecules and PSS ions utilizing the sliding move-
ment of CDs, and the ionic skin possesses superior conductivity
(~10° S m™') and linear conductivity variation under 0%-100%
strain as a result.[3?] Additionally, as reported by Shen et al., the or-
dered arrangement of CD rings can also prevent the aggregation
of PEDOT/PSS through coordination interaction between cations
and CD molecules, which can be confirmed by the rheology be-
havior and transparency of the ionic hydrogels.['** In contrast,
anions are hardly transported alongside the slide-ring backbones
but instead caged by the rings due to the steric effect. By utiliz-
ing molecular dynamic (MD) simulation, the radius distribution
function (RDF) and coordination number between Zn** and oxy-
gen atoms can be calculated, confirming the single-ion conduc-
tion through coordination effect instead of thermally activated
ion hopping (Figure 8b).1'*3] The effect of coordination interac-
tion on viscoelasticity and ionic mobility can be analyzed by vari-
able temperature conductivity tests regulating the ratio of metal
and oxygen elements (i.e., the ratio of paired electrons and or-
bitals, Figure 8c). As a result, the temperature-dependent VTF
ion hopping only presents under the mismatch of coordination
number and actual elemental ratio, reflecting the reasonable ion-
molecule coordination contributes to ion mobility.[122]

Indeed, a slide-ring topological structure was proposed at the
end of the 20™ century for the mechanical enhancement of poly-
mer gels. At the same time, ion transport modulation by molecu-
lar mobility and ion-molecule coordination interaction has been
reported in recent years.!'13] In bulk state, thermally activated ion
hopping dominates, resulting in slow responsiveness and molec-

Adv. Physics Res. 2025, 2400165 2400165 (13 of 25)

www.advphysicsres.com

ular relaxation according to time-temperature equivalence. No-
tably, this slide-ring supramolecular system is capable of quasi-
solvent/vehicle ion transport rather than ion hopping by utilizing
the sliding motion of rings threaded on crosslinked skeletons,
and the solvent-independent ion transport mechanism indicates
the negligible influence of environmental changes on ionic mo-
bility. Accordingly, constructing a slide-ring crosslinked structure
is a strategy to decouple the competition between device respon-
sivity and stability.

3.3.2. Proton Transport in the Hydrogel Network

Hydrogen bonding is pervasive in both biological and chemical
systems, serving as a powerful crosslinking effect for construct-
ing topological structures (dual-network hydrogels) through self-
assembly.[8¢144145] Crucially, densely oriented hydrogen bond ar-
rangement is essential for the ion-dominant transport (espe-
cially proton transport) mechanism for establishing efficient and
stable signaling in bioelectronics. In this section, we elaborate
on the thermally activated proton transport mechanism from
the energy perspective and provide an understanding of hy-
drogen/coordination bond exchange processes, followed by ex-
pounding the proton-dominant sensing mechanism in a hydro-
gen bond-crosslinked network.

Owing to the same Nernst potential of H* and OH™, elec-
trophysiological discrimination between H* and OH~ is tough,
yet the proton transport can be described as Equation (1),
whereas the E, equals the binding energy of hydrogen bonds
(1-50 k] mol™!) in this case (detailed information can be seen
in the scientific literaturel'¥!). As mentioned before, proton
transport involves the hopping or tunneling of a proton from
one molecule to the next through coordination bond exchange,
leaving a negatively charged hydroxide ion (OH™) as the ‘pro-
ton hole’.] Similar to electrons, the energy level of pro-
tons as charge carriers presents a ‘valence band’ (bonded with
H,0) and a ‘conduction band’ (fluctuation of hydrogen bonds)
when the protons are thermally activated. Nevertheless, un-
like electrons, protons are not delocalized along the conduction
band, yet segregated by potential barriers between the adjacent
atoms/molecules (Figure 9a).['*’! According to the hydration level
in crosslinked structure and Gibbs Helmholtz equation, we can
derive the proton mobility!'*! (Equation 5) and the energy re-
quired to form an H*/OH~ pairl’! (Equation 6) in a hydrogel
system:

o =kH* (5)
E = —k,TInkK, (6)

where H is the water content in hydrogel, k, and d represent the
proportionality factor and critical exponent. In addition, K|, is
the ion product constant of water, E denotes the bandgap and
equals 0.83 eV (for other molecules that can produce protons,
there exist distinct values of E[}**1%)). Compared with covalent
and ionic bonds, the binding energy of hydrogen bonds is rel-
atively low, indicating the increased flexibility and ionic mobil-
ity in hydrogen-bonded topological supramolecules. The coordi-
nation bond exchange-induced proton transport can be divided
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Figure 8. a) Single-ion transport in the slide-ring network via cation-ring coordination. The content of PR-based molecules can modulate the viscoelas-
ticity and ion conductivity of the gels.l'3*] Reproduced with permission. Copyright 2023, Wiley-VCH GmbH; b) MD modulation, confirming the presence
of single-ion transport. Reproduced with permission. Copyright 2023, Wiley-VCH GmbH; c) Arrhenius plots (VTF mode), indicating the rational ratio of
cation/ligand is conducive to ion mobility. Reproduced with permission. Copyright 2017, Elsevier.
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Figure 9. a) Energy diagram of proton transport (K,/K: ionization equilibrium constant of Lewis acid/base).l'*"1>4] Reproduced with permission.
Copyright 2024, American Chemical Society; b) STM testing to characterize proton transport in the tetra-hydrogen bonding molecular system.[1>3]
Reproduced with permission. Copyright 2018, Springer Nature; c) Proton trapping in the dual-network hydrogel.l’>] Reproduced with permission.
Copyright 2024, Elsevier; d) Piezo-protonic effect and self-powered sensors.[”l Reproduced with permission. Copyright 2022, Elsevier.

into three different processes (the vibrational motion dynamics of
the hydrogen bonds, hydrogen atom or proton transfer reactions,
and forming/breaking of hydrogen bonds), in which fundamen-
tal incidents can occur within an ultrafast period, ranging from
femtoseconds to picoseconds."*%) Experimentally, ultrafast vibra-
tional spectroscopy is utilized to detect the vibration of hydrogen
bonds,!*!l and hydrogen atom/proton reactions can be charac-
terized by scanning tunneling microscopy (STM), illustrated in
Figure 9b.[152] Furthermore, intramolecular and intermolecular
proton hopping can be described by Femtosecond probing the
electrical signals in solid-state device platforms (e.g., the ureido-
pyrimidinone (UPy) tetra-hydrogen bonding unit as the conduc-
tion layer and 2 graphene nanosheets as the electrode).l>3! Com-

Adv. Physics Res. 2025, 2400165 2400165 (15 of 25)

bining the thermodynamic activity of protons and the characteri-
zation of these three fundamental physical processes, we can de-
termine the proton transport mechanisms of the material and
then design the appropriate applications based on such proper-
ties.

In hydrogel sensors with proton-dominant transport, the topo-
logical supramolecular structure is the critical index determin-
ing crosslinking density and arrangement of hydrogen bond-
ing, thus affecting mechanical properties and conduction mecha-
nisms. As mentioned in section 2.1, dual-network design, freeze-
thaw, and sol-gel strategies endow hydrogels with anti-freezing
and anti-swelling properties, which, in terms of strain sen-
sors, avoid errors due to temperature and humidity variations,
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respectively.’264%7 Additionally, the breakup and reassembly of
hydrogen bonds during mechanical stretching can be modulated
by alternately arranging soft/rigid segments.[!>®] Detailly, one of
the segments possessing plentiful crosslinking sites (e.g., hy-
droxyl groups) is utilized for increasing hydrogen-bonded den-
sity, while another polymer network with hydrophilicity blocks
between the former molecules, trapping protons for the enhance-
ment of strain-sensitivity (Figure 9c).!21] Proposed by Chen
etal., the PANI network was constructed between PVA molecules
trapping protons by electrostatic interaction, leading to disrup-
tion of Grotthuss transport (confirmed by the relatively higher
Ea: 0.17 eV).'2!] Due to the rigidity differences between PVA and
PANI, the dynamic hydrogen bonds serving as proton-transport
channels were easily fractured under stretching, resulting in su-
perior device sensitivity (GF = 24.6). A similar mechanism can
also be found in soft/rigid molecular systems combined with
flexible polymer and 2D materials. In this case, proton transport
in intermolecular hydrogen bonds is controlled by changes in
the interlayer spacing of nanosheets.!'>”18] Additionally, benefit-
ing from dynamic hydrogen-bonded TCNs, unidirectional pro-
ton transport can be realized by water/proton content-gradient
topological structure design, endowing hydrogels with strain-
induced self-powered/self-spiking properties in which the elec-
tricity is not derived from thermoelectricity, piezoelectricity, and
triboelectricity (Figure 9d).[7115]

Proton transport in hydrogels is an intriguing physical prop-
erty that can be modulated by reconfiguration of dynamic hydro-
gen bonds in TCNs, thus leading to proton transport/hydrogen
bond-related device applications, such as molecular recogni-
tion and nucleic acid/peptide sequencing.[1%%161] Only by putting
these insights into the molecular design in TCNs, which estab-
lishes a strong correlation between structure and device perfor-
mance, can practical application of bioelectronic devices be ob-
tained.

4. Application progress of TCN-E for artificial
tactile neuron

Inspired by the neuron networks of animal brains, neuromorphic
devices have garnered considerable attention and have been un-
der intensive development for applications in Al perception of
robotics,[1*13¢] human-machine interaction,['?] and recovery of
impaired cell/neuron systems.l*3 Though ionic/molecular sys-
tems utilized in bioelectronics are complex, the purpose of device
design is consistent (i.e., enhancing the sensitivity of mechanore-
ceptors and reconfigurable performance in synaptic devices).
Specifically, the implantation of tactile perception and neuromor-
phic computing mainly depends on ion transport and molecu-
lar reconfiguration mechanisms in bioelectronics, allowing sen-
sitive mechano-response and modulation in synaptic connec-
tion, respectively.[1®2] Nevertheless, the sensitivity enhancement
in conventional bioelectronic devices generally leads to bad cyclic
stability due to viscoelastic imbalance in covalently crosslinked
structures. By topological molecular design, the ion gels with dy-
namic crosslinked structures are capable of multimodal switch-
ing and ensuring relative stability of sensing.[1*155] Here, we
mainly focus on the application progress of bioelectronic devices
with topological design for artificial tactile neurons from the per-
spective of addressed scientific/engineering problems, compared
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with conventional bioelectronic systems dominant by electronic
transport.

4.1. Artificial Self-Powered Tactile Neuron

In tactile neuron systems of humans, ion channels in dermato-
cytes composed of Piezol/Piezo2 proteins as subunits will open
in response to specific mechanical stimuli, allowing positively
charged ions to flow into postsynaptic neurons.['**l Correspond-
ingly, tactile sensors act as the sensation organs and presynaptic
neurons generating and outputting electrical pulses under stim-
uli. At the same time, the post-connected organic field effect tran-
sistors/memristors will play a role in postsynaptic neurons pro-
cessing the afferent tactile signals (Figure 10). However, the na-
ture of the external energy supply increases the integration dif-
ficulty for capacitive and resistive sensors. As the proton trans-
port mechanism describes, concentration gradient-induced ionic
migration endows hydrogels with self-powered capability.!*>7:1>]
Switching the ionic pumping stage and EDL formation can also
be realized by repeating contact/release between the object and
ionic tactile sensors, resulting in mechanical-electrical energy
conversion. In this case, the self-powered devices must be flexi-
ble and stretchable for integration with neuromorphic comput-
ing devices. Meanwhile, to achieve recognition of weak tactile
signals, high energy conversion efficiency is prominent, mainly
related to the mechanical sensitivity and ion transport of self-
powered devices. To this end, topological ion gels have recently
been used in flexible self-powered sensors to enhance output per-
formance and sensitivity.

The first ion-gel-based self-powered strain sensor was pro-
posed by Ye et al., which was fabricated by electrostatic spinning
of ferroelectric/ion-liquid composites, with output voltage and
current density of up to 45 V and 49 pA cm™2, respectively.!'¢]
The interfacial optimization and impedance matching of
self-powered tactile sensors significantly enhance mechanical-
electrical conversion efficiency and energy density. Various
studies have pointed out that diminishing the internal resis-
tance of flexible power devices by compositing with conductive
nanofillers can improve the output performance.'”! Addi-
tionally, as reported by Xu et al., PVA-based ionic hydrogel
was encapsulated by polydimethylsiloxane (PDMS) to form
a semi-spherical microstructure, possessing superior output
performance as the open-circuit voltage (V,.) and short-circuit
current (I,) were up to 150 V and 15 pA, respectively, under
10 MQ loading (Figure 11a).l'%] Furthermore, benefiting from
the reconfigurability of TCNs, homogenous microstructure
arrays of the ion gels can be easily achieved by sol-gel transition,
realizing concentration of contact stress and interfacial conduc-
tion stability between the dielectric layer and ion transport layer
(Figure 11b). For instance, Ke et al. fabricated high self-powered
performance Al/PDMS microneedle sensors with the V . and
I, of 167 V and 129.3 pA, respectively, which possessed higher
stress-sensitivity (1.03 V N~ and ~#3.11 V kPa™!) than traditional
tactile sensors (0.18-0.414 V N~! and 0.013-0.29 V kPa1)[1%%] at
an area of 30 cm?; Guo’s group proposed a new strategy for e-
skin design: through constructing topological interlinks between
contact layer and microarrays, the tactile sensors can ensure the
sensing stability under 1000 cycles (Figure 11c).['7% Despite facile
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Figure 10. a) Artificial tactile neurons with four pre-synaptic sensors and one post-synaptic device; b) Illustration of the biological structure; c) Perfor-
mance of synaptic devices. Memory levels increased with the raising pressures; d) Artificial neuromorphic network (ANN) for tactile perception, physical
grabbing, and material recognition.['®] Reproduced with permission. Copyright 2024, Springer Nature.

microstructure processing, topological crosslinking design can
endow multimodal sensing through ion transport-induced weak-
strong structural conversion. Zhou et al. fabricated a bilayer gra-
dient hydrogel by stacking Zn?* and Fe** based ion gels, and ion
diffusions of Zn?* and Fe** were present under osmotic pressure
to form an intermediate zone (Zn%**/Fe3*).['”!] Due to the differ-
ent coordination binding strengths of Fe** and Zn**, ionic tactile
sensors with three ionic zones possessed regional viscoelasticity
and high sensitivity (3.31 kPa~!, 0-2 kPa), achieving the per-
ception of light vibrations (e.g., feather) and binary information
encryption. The self-powered tactile sensors can be integrated
with memristors/capacitors based on ion gels to process the
afferent tactile signals (Figure 11b). By topological molecular de-
sign, the postsynaptic transistors can reconfigure under external
stimuli, modulating the synaptic weights for better machine-
learning results and accurate tactile perception.*¢] All these
advances in material design paved the way for realizing fine-
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grained stress sensing of the ion gels (e.g., vertical and horizontal
stress perception), which aimed at recognizing different objects
according to their roughness, boosting the evolution of tactile
neuromorphic devices. However, the developed self-powered
tactile sensors can be adaptive to skin-friendly wearable applica-
tions but are still unfeasible for bio-implantation, hindered by
the non-biocompatibility of chemical crosslinking surfaces.

4.2. Artificial Self-Healable Tactile Neuron

Recently, topological hydrogels with excellent biocompatibility
have received tremendous attention for developing self-healable
tactile sensors. The biocompatibility of synthetic polymers can
be evaluated based on several key aspects: degradation proper-
ties, compatibility with cells, and blood compatibility. Different
biopolymers exhibit unique applications depending on their
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Figure 11. Recent advances in self-powered tactile sensors. a) Semi-spherical PVA/PDMS ion gels with the output performance.l'®8] Reproduced with
permission. Copyright 2016, Wiley-VCH GmbH; b) Microstructure arrays based on PDMS with the output performance while charging the capacitors with
different capacitances.['%°] Reproduced with permission. Copyright 2020, Wiley-VCH GmbH; c) Topological crosslinking strategy enhancing interfacial

stability.7%! Reproduced with permission. Copyright 2022, Springer Nature.

mechanical properties and biocompatibility. For instance, PVA
(partially biodegradable) and cellulose (biodegradable into glu-
cose) demonstrate good compatibility with soft tissues and low
platelet adhesion, making them well-suited for applications em-
phasizing soft tissue compatibility and hydrogel characteristics,
such as wound dressings or drug delivery systems.['”?] In con-
trast, PAA and PAM, which are not easily degradable, may con-
tain impurities with cytotoxicity and exhibit low blood compatibil-
ity. These materials often require pH control and chemical mod-
ifications for further applications.['”*] PLA (polylactic, biodegrad-
able into lactic acid) typically requires surface hydrophilic
modification to improve cellular compatibility. Its tendency
to activate platelets, combined with high mechanical strength
and rigidity, makes it ideal for complex tissue repair, such as
bone scaffolds and surgical sutures.'’¥l PEDOT:PSS, while not
fully biodegradable, offers high electrical conductivity and can
withstand minor mechanical deformation, making it suitable
for implantable biosensors, neuronal repair, and cardiac repair
applications.['7’]

Self-healing of polymers is usually achieved through the flow
of amorphous polymers at temperatures higher than T, and the
rearrangement of reversible bonds, including dynamic covalent
bonding and physical interactions.[*!l Compared with dynamic
covalent crosslinking based on the thermodynamic equilibrium
between the breakup and reconnection of the crosslinking bonds,
TCNs with dynamic physical interactions can be desirable to en-
able autonomous self-healing capability without external stimuli
(Figure 12a).[1038176] In this case, TCN-based tactile sensors can
possess high self-healing efficiency under ambient temperature
or even extreme conditions.'””] Additionally, topological hydro-
gels can reversible reconfiguration under temperature changes,
achieving tactile sensation and self-healing capabilities of sen-
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sors like human skin. For humans, injuries in which peripheral
nerves are wholly severed, such as deep cuts from accidents, can
be challenging to treat.!'”%] By leveraging the tactile sensing ca-
pability and biocompatibility of topological hydrogels, the fabri-
cated sensors can be implanted in mammals, replacing the dam-
aged nerves to conduct bioelectric signals and boost neuronal
repair.

However, there are still problems like interfacial mechani-
cal mismatch, transport decoupling of tactile signals to brain
neurons, and imprecise reconstruction of neuronal conduction
across the lesion site after injury. Here are the recent strategies
to combat these handicaps. First, modulating the ratio of po-
lar molecules to crosslinked molecules is vital to balance self-
healing and adhesion capabilities.'’¢] In addition, Liu reported
a mechanical-interlocking effect between the contacting layer
(elastomer) and the sensing layer (hydrogel) due to the intro-
duction of branched-topological coupling agents, boosting the
interfacial mechanical stability of the sensors (Figure 12b).[*”"]
Second, Kang et al. reported an artificial skin consisting of col-
lagen and fibrin with a PU-based substrate, which facilitated
layer-by-layer skin regeneration, and the hydrogel-coated surface
minimizes foreign body reactions to realize an effective long-
term nerve stimulation while replacing the permanently dam-
aged mechanoreceptors with a tactile sensor (Figure 12c).[18
Third, biomaterials containing nerve repair nutrients are encap-
sulated with brush polymers to form topological hydrogels to
achieve precise neuronal conduction and axal regeneration.!'8]
Besides, the dual-network hydrogels were utilized to replace the
damaged tactile sensing nerves transporting signals and offering
healing microenvironments (Figure 12d). All these results illus-
trate the great potential application of TCN-E in biological and
medical fields.
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Figure 12. a) Artificial self-healable skin with the performance comparison before/after cutting.[38] Reproduced with permission. Copyright 2022, Springer
Nature; b) Interfacial coupling between PDMS and hydrogel. Reproduced with permission.['7?] Copyright 2020, American Chemical Society; c) Demon-
stration of skin wound healing and the strain stimulation-response under different frequencies.['®] Reproduced with permission. Copyright 2024,

Springer Nature; d) lllustration of repairing damaged neurons by bridging dual-network hydrogels and the sensing performance of hydrogels
Reproduced with permission. Copyright 2020, American Chemical Society.

4.3. Artificial Multimodal-Sensing Tactile Neuron

Tactile perception can be classified into two main subsystems:
one for temperature, detected by free nerve endings and Krause
end bulbs in the skin, and one for mechanical stimuli, detected
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78]

by Meissner’s corpuscles, Merkel’s discs, Pacinian corpuscle,
and Ruffini endings.!'82] Realizing realistic tactile reproduction
requires a feedback interface that provides as much multidimen-
sional information as possible. The construction of TCNs can
endow the ion gels with the ability to respond to the environment
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Figure 13. a) lllustration of multimodal sensing and feature fusion for machine learning.['®] Reproduced with permission. Copyright 2024, Wiley-VCH
GmbH; b) Demonstration of the decoupled pressure-temperature sensing and 2 functions of the multimodal sensor.!'3%] Reproduced with permission.

Copyright 2023, Wiley-VCH GmbH.

(i-e., temperature in particular) in addition to the mechanical
response. Combined with the rational surface structure design
and neural network algorithms, the TCN-based artificial tactile
neuron can realize multimodal sensing and perform complex
tasks!!®3], For example, Guo et al. prepared and designed artificial
tactile neurons based on PVA/PAA/Li* dual-network hydrogels
with textile/pressure/temperature sensing capabilities and fea-
ture fusion for machine learning to achieve material recognition,
healthcare monitoring, and physical grasping (Figure 13a).!184]
To enhance the accuracy, in addition to algorithmic optimiza-
tion, it is vital to ensure stability while the sensors are being
squeezed/stretched and increase the differentiation of tactile sig-
nal waveforms. Besides, as for the layer-by-layer (mechanorecep-
tors/temperature sensors/electrodes/substrates) artificial skin
system, the main problems are interfacial mismatch and lack of
stretchability under miniaturization.'8¢] As mentioned, the ion
gels with TCNs can be easily printed and micro-structured for a
highly integrated tactile perception system with enhanced inter-
facial adhesion and mechanical stability. Zhang et al. reported a
cellulose nanofiber-based PAA@Fe** topological supramolecu-
lar hydrogel system with good adhesion strength up to 90 N m~!
before UV radiation.!'¥”] Additionally, there is still interference
between temperature and stress sensing while these two func-
tional layers are integrated. For example, Wang et al. utilized
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an insulating PI layer to separate the in-plane thermoelec-
tric generator and out-plane micro-cone pressure sensor to de-
couple temperature-pressure sensing fully. The flexible multi-
modal tactile sensor possessed remarkable temperature sensi-
tivity (281.46 uV K1) and can detect a temperature difference
as small as 0.1 K, with a short response/recovery time of 0.78
s/1.65 s*®] (Figure 13b). With temperature sensing in artificial
tactile neurons, accurate feedback can be obtained by processing
the afferent electrical signals, increasing the similarity between
real tactile feelings and the machine learning results. These rich
interactions and multisensory feedback make bringing the vir-
tual world closer to reality possible, allowing users a more im-
mersive experience.!'8?]

5. Conclusion and Outlook

In this review, we highlighted the recent advances in bioelectron-
ics with TCN design and the application progress for artificial
tactile neurons, which includes the assembly methods to the ef-
forts toward the development of a stable, sensitive, reconfigurable
human-like skin system with self-powered and self-healing ca-
pabilities. Additionally, we revealed the ion-dominant transport
mechanism in TCNs, whose transport efficiency is closely related
to the molecular conformation (single-ion transport in slide-ring
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structure and proton transport in the hydrogen-bonded net-
work), which is distinct from the traditional electron-dominant
conjugated molecular system. In this case, artificial neuromor-
phic devices with ion channels are suitable for implanting in
human cell environments for biological and medical research
and applications. At the same time, there is a need for more
professional insights and in-depth research to conquer scientific
issues. Here, combined with the recent advances in artificial
tactile neuromorphic devices, we mainly focus on the addressed
scientific/engineering problems by topological crosslinking
structure design: 1) decouple competing effects using multiple
molecular building blocks to meet complex requirements; 2)
modulate conductance by molecular reconfiguration through
external-stimuli, enhancing the sensing range of the sensors and
endowing multimodal-sensing capabilities; 3) optimize inter-
faces of the layer-by-layer artificial tactile neuron by combining
similar polymers in conductor, semiconductor, and dielectric,
serving as electrodes, channels and substrates, respectively.

From the engineering perspective, IC circuit painting and
micro-structuring all require the preparation of gel-ink (sol-gel
transition), and polymers with low Tg such as PVA, PAM, PAA,
and PEDOT:PSS is suitable to be utilized as the main skeleton
of ion gels. Freeze-thaw cycling can be used post-processing to
endow the gel units with anti-freezing/anti-swelling capabili-
ties for temperature/humidity sensing applications. Given the
single-molecular limitations (e.g., PVA is not conductive and
PEDOT:PSS is mechanically unstable), topological molecular
combination is a compromising solution. Specifically, to decou-
ple stretchability and conductivity, PVA/CD/proton-carrier mixed
ion gel systems with slide-ring topology (host-guest reaction) can
be a terrific choice, as the CD rings will enhance chain-motion
and proton-anion separation will present via ring’s dynamic
hydrogen bonding effect and spatial potential resistance effect.
Afterward, to decouple sensitivity and stability, PVA/EA/Fe**
hydrogel systems with PDMS encapsulation will be desirable as
the hydrogel enables being reconfigured into stress-sensitive mi-
crounits, and EA-Fe** nanoclusters can simultaneously improve
the cohesion of hydrogel and mechanical interlocking between
PVA/PDMS phases, due to the branched conformation of nan-
oclusters. Two strategies have been proposed by Suo’s group and
Stephen’s group to decouple reinforcement and toughness. For
the former, the strategy is to prepare far more entangled hydro-
gels than crosslinked hydrogels by using small amounts of water,
crosslinking agents, and initiators in the synthesis process.!1%]
The force-coupled reaction was present for the latter by introduc-
ing force-sensitive groups (mechanophores) into dual-network
hydrogels. In contrast, hydrogels were stretched, causing the
force-sensitive groups to open the rings, thus lengthening the
polymer chain segments and the synchronous promotion of
toughness and strength.'®?] These strategies provided insights
into engineering theory for TCNs, which can be applied to e-skin
or artificial tactile neurons in the future.

Additionally, from the scientific/technical point of view, the
characterization of ion/electron transport and sensor perfor-
mance is significant. As mentioned in Chapter 3, the ion-hopping
energy and ionic conductivity can be calculated by empirical for-
mulas, and the direct detection of ion transporting and biosens-
ing signals can be realized by the cascade of STM, ultrafast vibra-
tional spectroscopy, and femtosecond-level probing. The research
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of ion transport mechanisms and molecular dynamics in TCNs
provides new insights into the electrochemical doping mecha-
nism and ionic-electronic coupling effect, which is conducive
to understanding and optimizing the EDL process. Besides, the
study on dynamic molecular interactions is significant for under-
standing the relation between molecular structures and mechan-
ical/physical properties, providing theoretical basics in construct-
ing artificial perception neurons with self-powered, self-healable,
multimodal-sensing, and even more capabilities. Technical im-
provements, including combining 3D printing technology, mul-
timode integration, and machine learning, are required to im-
prove sensing/perception performance. Bioelectronics’ ultimate
goal- an artificial neuromorphic perception system- will need a
revolutionary device architecture and an integrated systems ap-
proach that must be compatible with the semiconductor indus-
try.

Compared to systems with only conjugated molecules, bioelec-
tronics with TCN design possessed certain advantages in molec-
ular flexibility, ion transport efficiency, and self-powered/self-
healable/multimodal-sensing capabilities. Nevertheless, there
are still challenges for practical applications: 1) the inhomogene-
ity problem of microarrays owing to the limited material choice
for printing or molding; 2) enhancing environmental stability
and durability of the miniaturized device arrays and ensure each
unit can work individually and possessing uniform performance.
2) incorporate more tactile sensing modes like shear forces and
torsional forces; 4) bionic skin may have tactile sensing capa-
bilities, but it is difficult to simultaneously realize temperature
sensing, pressure distribution detection, and self-healing. Ac-
cordingly, the viscoelastic modulation of crosslinked networks by
introducing different topological molecules should be further in-
vestigated to solve technical issues like sensitivity and stability for
practical application and establish viscoelasticity-related conduc-
tance mechanism (e.g., ionic transport or the efficient energy uti-
lization mechanism in nature) toward a higher level of multifunc-
tional biomimetic structure design. We believe that bioelectron-
ics’ topological crosslinking structure design and performance
trade-offs will be the major driving direction of artificial tactile
neuromorphic perception devices and systems.
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