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Conductive Hydrogels with Dynamic Reversible Networks
for Biomedical Applications
Yong Xu, Michelle Patino Gaillez, Rebecca Rothe, Sandra Hauser, Dagmar Voigt,
Jens Pietzsch, and Yixin Zhang*

Conductive hydrogels (CHs) are emerging as a promising and well-utilized
platform for 3D cell culture and tissue engineering to incorporate electron
signals as biorelevant physical cues. In conventional covalently crosslinked
conductive hydrogels, the network dynamics (e.g., stress relaxation, shear
shining, and self-healing) required for complex cellular functions and many
biomedical utilities (e.g., injection) cannot be easily realized. In contrast,
dynamic conductive hydrogels (DCHs) are fabricated by dynamic and
reversible crosslinks. By allowing for the breaking and reforming of the
reversible linkages, DCHs can provide dynamic environments for cellular
functions while maintaining matrix integrity. These dynamic materials can
mimic some properties of native tissues, making them well-suited for several
biotechnological and medical applications. An overview of the design,
synthesis, and engineering of DCHs is presented in this review, focusing on
the different dynamic crosslinking mechanisms of DCHs and their biomedical
applications.
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1. Introduction

Cells grow in vivo in a complex and dy-
namic microenvironment composed of ex-
tracellular matrix (ECM), soluble factors,
and neighboring cells.[1–3] For decades, cells
have mostly been cultured and studied
on 2D culture substrates, which are very
different from their native dynamic envi-
ronments in 3D. There is increasing evi-
dence that cells are modulated by a well-
structured specific microenvironment of
adjoining cells, associated ECM, and nu-
merous biochemical and mechanophysi-
cal cues.[4–6] The dynamic microenviron-
ments support structural rearrangement
and the transmission of various cell growth
and metabolism signals. The cell adhe-
sion ligands, topological features, mechani-
cal support, and degradability of ECM guide
the morphology, proliferation, migration,

differentiation, and apoptosis of cells.[7–9] Therefore, the scien-
tific focus is directed at investigating biomaterials that mimic the
dynamic structure and functions of natural ECM.[10–12] Due to
their high water content, compatible mechanical properties, and
resemblance to biological tissues, hydrogels are attractive candi-
dates for developing 3D ECM mimics.[13–16] Soft materials can
be tailored to minimize biomechanical mismatch with biological
tissues, which can be designed and fabricated to mimic wet and
ion-rich physiological environments.[17]

Different hydrogels have been developed to meet the re-
quirements for specific biomedical applications. For instance,
hydrogels can be tailored to be responsive to environmental
stimuli such as temperature, pH, mechanical treatment, and
electric as well as magnetic fields and to transfer the signals
to cells.[18–21] Conductive hydrogels (CHs) have recently at-
tracted much attention in bioelectronics due to the constant
endeavor toward the seamless interfacing between biology and
electronics. Conductivity is a highly anticipated functionality of
hydrogels since conductivity is useful in various fields, such as
biomedicine, wearable bioelectronics, and electrical processing
(biosensors).[22–24] Therefore, CHs with sufficient electrical con-
ductivity and flexible mechanical properties similar to biological
tissue have generated significant research interest.[11,25–27] How-
ever, most conventional CHs lack dynamic properties. Dynamic
properties mean that the material can adapt to the dynamic
biological environment, coordinate with the tissue engineering
process, and rearrange after damage (self-healing).[28–30] Dy-
namic behavior can be realized by designing reversible networks,
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Figure 1. Different reversible covalent bonds and noncovalent interac-
tions used in assembling dynamic conductive hydrogels (DCHs).

such as dynamic covalent bonds and noncovalent interactions.
Over the past five years, intensive research has been performed
on dynamic conductive hydrogels (DCHs) to combine the ben-
efits of electrical conductivity and various biofunctionalities.
This review highlights the recent achievements in DCHs (from
chemical interactions to biomedical applications). The categories
of DCHs are based on the design criteria of DCHs, dynamic
crosslinking mechanisms, and their applications in biomedical
fields.

2. Design Criteria of Dynamic Conductive
Hydrogels

This section discusses the design criteria for fabricating DCHs.
As 3D scaffolds for cell culture, it is important to satisfy the
requirements for ECM-mimetic materials, including cytocom-
patibility, mild crosslinking conditions, a proper gelation rate
for cell encapsulation in 3D cell culture, and homogeneous
dispersion. Other considerations required for DCHs regarding
dynamic reversible linkages include the crosslinking kinetics,
tunable mechanical properties, self-healing properties, and
good conductivity. As shown in Figure 1, various crosslinking
mechanisms have been exploited to form DCHs, including
chemical and physical crosslinking. Based on the crosslinking
mechanisms, DCHs can be classified into two types: physical
crosslinked DCHs and reversible covalent crosslinked DCHs.
Physical crosslinked DCHs form their 3D networks through
dynamic noncovalent interactions, such as ionic and metal-
coordination interactions, hydrogen bonds, 𝜋−𝜋 stacking,
hydrophobic, and host−guest interactions. Reversible covalent
crosslinked DCHs form their 3D networks through dynamic co-
valent bonds, such as Schiff, disulfide, and boronate ester bonds.

2.1. Crosslinking Kinetics and Stability

The kinetic rate constants of the physical interactions or the re-
versible covalent chemical bonds are important parameters to
consider when designing a DCH. The network design should
balance its dynamics and stability, where the cells can spread, mi-
grate, and proliferate due to reversible linkages. Due to the weak
noncovalent bonds, DCHs are often mechanically less stable than
covalently crosslinked polymers, while their stability in cell cul-
ture and in vivo can also be largely regulated by their degradability
by enzymes. On the one hand, if the covalent bonds are too stable,
the linkages do not undergo significant breakage, and the hydro-
gel will function similarly to a permanently crosslinked CH. On
the other hand, the strength of reversible linkages must be suffi-
cient to permit the formation of a stable DCH that can maintain
its bulk integrity during cell culture or tissue engineering. This is
a particularly important concern for physically crosslinked hydro-
gels, which can have relatively fast erosion rates when exposed to
fluid shear force.[31–33] A way of enhancing the physical stability
of the network is by tuning its degree of crosslinking. This can be
achieved by either increasing the relative functional groups per
polymer molecule or increasing the relevant crosslinker concen-
trations. Alternatively, stable DCHs can be designed by combin-
ing two or more crosslinking mechanisms to achieve hydrogels
with slow erosion rates and by using polymers with low enzy-
matic degradability.

2.2. Mechanical Properties

The mechanical properties of the ECM affect cell behavior. The
influence of biomaterial rigidity on stem cell survival and differ-
entiation has been extensively studied in hydrogels.[34,35] Recent
studies have shown that the intensity of the interaction between
the substrate and the cell surface receptor, rather than the sub-
strate hardness, may play an important role in cell adhesion and
differentiation.[36–38] These studies are of great significance for
understanding the general role of mechanical cues in cell behav-
ior and mechanical transduction. Therefore, mechanical proper-
ties are among the most critical considerations when designing
DCHs for recapitulating 3D cell microenvironments. Addition-
ally, mechanical and rheological properties are essential for DCH
processing, engineering, and application in tissue engineering,
including printability for additive manufacturing and injectabil-
ity for their minimally invasive clinical utility.

1) Elasticity, characterized by stress–strain curves and often de-
scribed as the stiffness or Young’s modulus, is one of the most
studied mechanical properties of hydrogels for mimicking
cell microenvironments and native tissues.[39] This reflects a
hydrogel’s ability to withstand deformation and return to its
original state when the external force is withdrawn. Viscoelas-
ticity is the property of materials that exhibit both viscous
(characterized by viscosity; the viscosity of a fluid is a mea-
sure of its resistance to deformation at a given rate) and elastic
characteristics when undergoing deformation.[40,41] Whereas
most conductive materials are rigid and nonelastic, such as
metal electrodes, the elasticity and viscoelasticity of CHs and
DCHs can be controlled by varying the polymer network. CHs
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with stable covalent crosslinks will typically be stiffer than
DCHs with reversible covalent crosslinks, while physically
crosslinked DCHs are often the weakest in terms of mechan-
ical strength. Moreover, the desired DCH system should pos-
sess good tunability of the crosslinking density to form soft
materials to minimize the mismatch between soft tissues and
rigid electronics.

2) In addition to elasticity and viscoelasticity, most soft tissues
also exhibit stress relaxation properties. DCHs, especially
physically crosslinked hydrogels, are viscoelastic and exhibit
stress relaxation, which means that in response to applied
strain, the stress decreases, also known as creep behavior (i.e.,
the tendency to undergo permanent deformation in response
to applied stress).[34,37,42] The DCH stress relaxation can result
from numerous dissipative events, such as polymer disen-
tanglement, weak physical interactions, and rearrangement
of the reversible network. Additionally, the degradation of the
polymer can also affect the network viscoelasticity and cause
stress relaxation. The stress relaxation behavior of DCHs can
be optimized by varying the hydrogel composition or concen-
tration, polymer chain length, and crosslinking density.

3) Shear-thinning behavior is an essential rheological property
for developing injectable materials and bioinks for 2D/3D
printing.[43,44] Noncovalent self-assembly is the main route to
design shear-thinning hydrogels. Individual interactions are
usually relatively weak, but they can jointly lead to a stable net-
work structure. Shear thinning describes the non-Newtonian
behavior of a polymer network whose viscosity decreases un-
der shear strain. The shear-thinning process is highly nonlin-
ear and can be expressed by a nonsinusoidal response under
an applied sinusoidal shear force. In the cases of DCHs, due
to their dynamic nature, the formed network can be dissoci-
ated under an applied shear force. After the shearing force is
removed, these networks will be reassembled into DCHs with
almost the same gel properties (self-healing).

2.3. Self-Healing

The rheological feature of self-healing means that a polymer
network can autonomously recover its original state after being
damaged.[29] The self-healing behavior of DCHs is caused by re-
versible interactions (reversible chemical bonds and noncovalent
interactions). Reversible chemical bonds, such as acyl hydrazone,
Schiff base, borate ester, and disulfide bonds (S–S), and nonco-
valent interactions, such as hydrogen bonds, ionic interactions,
metal coordination, host–guest interactions, and hydrophobic in-
teractions, have been thoroughly investigated for fabricating self-
healing materials.

Materials with both electroconductivity and self-healing ca-
pability are highly desirable for biomedical applications in vivo.
Their structural reliability can be monitored through electronic
assessment to identify and quantify defects such as microc-
racks. Single-walled carbon nanotubes (SWCNTs) were used by
Guo et al. to design DCH by connecting adamantine-modified
poly(2-hydroxyethyl methacrylate) (PHEMA) and 𝛽-cyclodextrin-
decorated SWCNTs through host-guest interactions.[45] This
PHEMA–SWCNT DCH exhibits proximity sensitivity, humidity
sensitivity, and electrical conductivity and can self-heal quickly.

The electrical healing efficiency for all specimens with different
amounts of SWCNTs was nearly 95 %, which indicated that
most conduction paths reformed through the healing process.
However, unlike the recovery of conductivity, the recovery of
mechanical properties of PHEMA–SWCNT DCH was slower
and less efficient. Interestingly, the SWCNT contents in the
composites affect the mechanical healing efficiency. They have
demonstrated that the mechanical healing efficiency increases
with an increase in the mass fraction of SWCNTs.

A DCH based on a self-assembled supramolecular gel and
nanostructure polypyrrole (PPy) was developed by Shi et al, which
synergizes the dynamic assembly and disassembly nature of the
metal–ligand supramolecule and the conductive nanostructure
of PPy hydrogel. The material shows high conductivity (12 S m−1)
and exhibits mechanical and electrical self-healing properties.[46]

They demonstrated that a self-crosslinked supramolecule gel
helps to support the PPy network by wrapping and connecting
PPy particles as well as building a self-supported network. The
PPy matrix also plays an important role in self-healing because
its hierarchically porous structure could facilitate molecular mo-
tion and transportation at the cracks, and its tough nature also
favors mechanical healing behavior.

The storage modulus, stress relaxation, shear-thinning, and
self-healing properties are essential parameters determining the
applicability of biomaterials as an injectable material to deliver
encapsulated drugs or cells. For drug delivery in vivo, slow self-
healing may lead to DCH degradation under fluid shear flow. For
delivering cells with DCHs, in addition to the recovery rate, stress
dissipation of the applied force is crucial for cell survival, as shear
stress can cause mechanical damage to cells during cell delivery
via injection.

2.4. Conductivity

Since many mobile ion species as electrolytes are dissolved in
body fluids, biological tissues are considered to be volume con-
ductors with medium conductivity (e.g., conductivity = 10–6 to
10–4 S m–1).[47] As electrons do not act as charge carriers, the
electrical communication between cells mainly depends on ion
flux. Metal electrodes are the most widely used terminals to cre-
ate electrical connections between tissues and external electron-
ics, through which signals and information can be transmitted
from cells to electronics and vice versa.[48–50] Different from tis-
sues, most electronic devices depend on electronically conductive
materials, such as metals, in which free electrons serve as carri-
ers of mobile charges. This characteristic disparity results in an
interface that distinguishes the tissue from the electrode. There-
fore, to minimize the mismatch associated with such interfaces
in tissue engineering, it is important to introduce an electrocon-
ductive matrix into ion-conductive matrices.

Electrical communication between cells in tissues is mainly
mediated by ion channels. Electroconductive materials and elec-
tric stimulations can affect ionic currents, thus influencing vari-
ous pathophysiological processes, including wound healing and
tissue regeneration.[51–54] Biomimetic conductive materials are
usually made by doping biopolymers with conductive compo-
nents (e.g., conductive polymers, gold nanoparticles (AuNPs),
carbon nanotubes (CNTs), and graphene). In DCHs, these
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conductive components can be tuned to tailor the material to real-
ize a dynamic, biocompatible, and conductive microenvironment
for specific biomedical applications.

Most studies measure biomaterial conductivity without distin-
guishing the electroconductivity and ionic conductivity. However,
conductive biomaterials, especially conductive hydrogels under
physiological conditions, are a combination of electronic conduc-
tivity and ionic conductivity, which should be characterized sepa-
rately in the future. This is important for both basic and applied
research in the field of electrophysiology.

2.5. Biocompatibility

Biocompatibility refers to the ability of biomaterials to cause an
appropriate host response in biological systems, for example, as
implants in the human body.[55,56] Modern approaches for test-
ing the compatibility and suitability of biomaterials in vivo in-
creasingly use complementary multimodal analysis by means
of dedicated tomography systems for experimental investiga-
tions in small animals or with the corresponding clinical set-
ting in humans. As an example in this context, host tissue re-
sponses can be investigated by magnetic resonance imaging of
inguinal lymph nodes, as swollen lymph nodes indicate systemic
inflammatory responses. In addition, the application of fluores-
cent agents or even radiotracers, such as [18F]fluorodeoxyglucose,
enables the analysis of vascularization and inflammatory pro-
cesses in vivo by optical imaging or positron emission tomogra-
phy, respectively.[57] Furthermore, immunohistochemical stain-
ing of inflammation, angiogenesis, and proliferation markers or
subcutaneous connective tissue layers on resected tissue sam-
ples with remaining biomaterials provide ex vivo experimental
information on evoked tissue responses, capsule formation, and
biocompatibility.[57–59]

To realize seamless contacts with living tissues, DCH-
based bioelectronics devices require good biocompatibility for
long-term and safe biomedical applications. Most conductive
polymers used in the fabrication of DCHs are known to be
noncytotoxic. The currently available conductive polymers have
allowed the development of various cytocompatible organic elec-
tronics. However, the biocompatibility of conductive polymers
in vivo is determined by many criteria, including the conductive
polymer chemical composition, degradability, polymer charge,
and acidity.[11,52,60,61] Depending on the chosen conductive
polymer and the synthetic route, DCHs may contain toxic
monomers, solvents, and surfactants, which will be released
gradually and become toxic to the surrounding tissue. Therefore,
synthetic methods must be optimized to achieve excellent bio-
compatibility or cytocompatibility of the resulting biomaterials.
For instance, poly(3,4-ethylene dioxythiophene) (PEDOT) has
been electrochemically polymerized around neurons and can
maintain the high viability of the cells. CHs based on poly(3,4-
ethylene dioxythiophene) polystyrene sulfonate (PEDOT:PSS)
have been successfully used as biosensors at both the cell and
tissue levels.[62–64]

To enhance the biocompatibility of conducting polymers,
many approaches have been proposed: 1) to modify conductive
polymers with biomolecules as synthetic precursors, including
peptides, proteins, and polysaccharides[65–67] and 2) to combine

conductive polymers with highly biocompatible biomaterial sys-
tems, including ECM basement gels, ECM-derived collagen, and
polysaccharide-based gels.[11,68,69] It is important to note that ma-
terial biocompatibility studies are at the frontiers of many dis-
ciplines, including polymer sciences, bioanalysis and bioimag-
ing, immunology, and stem cell biology. The knowledge-based
rational design approach needs to be further combined with
the screening method to develop tailored materials for specific
applications.[70]

3. Mechanism and Preparation of DCHs

3.1. Physically Crosslinked DCHs

Physical crosslinking, such as ionic interactions, metal coordi-
nation, molecular recognition (host–guest interactions), and hy-
drogen bonding, have been widely utilized to synthesize DCHs.
Table 1 lists some recently reported DCHs crosslinked primarily
through noncovalent interactions.

3.1.1. Ionic and Metal-Coordination Interactions

Ionic interactions have often been used in hydrogel synthesis to
crosslink polysaccharides such as alginate (Alg) and chitosan. PE-
DOT:PSS is one of the most widely used conductive polymers,[85]

in which hydrophobic PEDOT is coiled and surrounded by hy-
drophilic PSS shells, resulting in the suspension of nanoparticles
in an aqueous buffer. The anionic PSS chains can interact with
positively charged metal ions. Wallace et al. reported DCHs based
on ionic and metal-coordination interactions. First, Mg2+ and PE-
DOT:PSS solutions were mixed to form the pregel solution after
ion crosslinking.[74] Interestingly, even when the concentration
of Mg2+ was too low to initiate the gelation of PEDOT:PSS, it
was essential to maintain a uniform hydrogel without local gela-
tion upon increasing the Mg2+ concentration. To improve the
gel’s mechanical strength and electrochemical properties, the de-
gree of crosslinking can be increased along with the concentra-
tion of Mg2+. After immersing the gel in pyrrole, additional elec-
tropolymerization is performed to form PPy/PEDOT hydrogel.
This work demonstrates that ionic interactions can be used to
control the properties of DCHs. It is feasible to achieve the de-
sired size and shape of hydrogels by implementing a two-step
crosslinking process. The hydrogel scaffold is reinforced by the
addition of PPy, demonstrating the enhancement of mechanical
properties for application as a stable biointerface. Due to the 3D
porous structure of the DCH, the battery assembled by this DCH
demonstrated high energy density and good capacity.

In addition to metal ion interactions, organic ion interactions
have also been reported to prepare DCHs. Our group reported a
DCH synthesized by using peptide–polyethylene glycol (peptide-
PEG) and PEDOT:PSS.[71] The noncovalent DCH was gelated
fast by utilizing ionic interactions and molecular self-assembly
between the cationic PEG-peptide and anionic PEDOT:PSS so-
lutions (Figure 2a). The peptide and PEDOT:PSS-based DCH
demonstrate self-healing and injectable properties as well as ex-
cellent biocompatibility in vitro.
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Table 1. Physical crosslinks, their compositions, and properties that can be utilized in building DCHs. Selected references are provided.

Physical
crosslinks Composition Properties Applications Conductivity Ref.

Ionic and metal-
coordination
interactions

PEG-peptide
PEDOT:PSS

Self-healing
Injectable
Cytocompatible

MSC 2D and 3D cell culture, MSC
3D differentiation under
electrical stimulation

1.4×10–2 S cm–1 [71]

PEDOT:PSS
PPY
Mg+2

Cytocompatible
Mg biobattery

Mechanically robust
Cytocompatible biointerface for

hADSCs proliferation

- [72]

Alg
SiO2 nanofibers
Al3+

Injectable
Compressible
Shape memory

Wearable electronics 1.85 S cm–1 [73]

PEDOT:PSS
Collagen
Alginate

Cytocompatible 2D and 3D IPS Cell culture
IPS cell differentiation in 2D

35 ± 11 × 10−4 S cm–1 [74]

Host–guest
interactions

𝛽-CD
NIPAM
CNT
PPY

Self-healing
Compressible
Injectable
Cytocompatible

Wearable electronics
2D cell culture

Up to 34.93 S cm–1 [75]

PEDOT:S-Alg-Ad
P𝛽-CD

Injectable
Self-healing
Cytocompatible

3D cell culture
Cell differentiation in 3D

0.16 S cm–1 [76]

𝛼-CD
NIPAM
PANI

Temperature-responsive
Stretchable
Self-healing

Temperature-triggered
electric switch

0.64 S cm–1 [77]

Hydrophobic
interactions

PEDOT:PSS Injectable
Self-healing
Cytocompatible

Organic electrochemical transistors
(OECTs)

2D cell culture

≈10−1 S cm–1 [78]

PEDOT:PSS Stretchable 3D printing 20–40 S cm–1 [79]

PEDOT:PSS 3D printability
Long-term stability

Bioelectronic sensor 28 S cm–1 [80]

Hydrogen bond PPGS
PEDOT:PSS

Injectable
Cytocompatible
Self-healable
Hemocompatible

2D cell culture
Wound-healing in vivo

2.22 mS cm–1 [81]

Upy
PSS
PANI

Stretchability
Injectability
Self-healing
Thermosensitive

Wearable electronics 1.1–13 S m–1

TA
CNT
Glycerol
PVA

Anti-freezing
Stretchable

Wearable electronics
Electricity generation from moisture

5.13 S m–1 [83]

TiO2

Chitosan
PVA

UV-switchable wettability
Adhesive

Wearable electronics 3.641 × 10−4 to
1.347 × 10−3 S cm–1

[84]

3.1.2. Host–Guest Interactions

Host–guest interactions are a type of noncovalent interaction
with broad applications in the fabrication of reversible hydrogels.
A host molecule interacts with a guest molecule to bind internally
to form an inclusion complex. Cyclodextrins (CDs) are a family
of cyclic oligosaccharides formed by six or more glucopyranose
molecules. They are produced from starch by cyclodextrin
glucosyltransferase.[86] There are three major types of CDs:
𝛼-cyclodextrin (6 D-glucose repeating units), 𝛽-cyclodextrin (7 D-
glucose repeating units), and 𝛾-cyclodextrin (8 D-glucose repeat-

ing units), which are named based on the number of anhydroglu-
cose units.[86–88] The structure of the CD is similar to a hollow cir-
cular table. The hydrogen atoms in its C3 and C5 hydroxyl groups
and the oxygen atoms in glycosidic bonds form an internal hy-
drophobic cavity. The external surface is hydrophilic due to the
presence of hydroxyl groups. This unique amphiphilic structure
makes CD a suitable host molecule to form inclusion complexes
with many hydrophobic small guest molecules.[88,89] Polymer
chains modified with hydrophobic groups, such as adamantane
(Ad) and azobenzene, and some modified conductive monomers,
such as PEDOT[90] or graphene,[91] have been reported to form
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Figure 2. a) PEG–peptide and PEDOT:PSS interaction form a DCH via a self-assembly process. The DCHs are self-healable and injectable due to the
reversible non-covalent interactions and are utilized as a 3D cell culture matrix with high biocompatibility in vitro. Adapted with permission.[71] Copyright
2018, American Chemical Society. b) P𝛽-CD and Ad-modified conductive polymer (PEDOT:S-Alg-Ad) formed a DCH. Adapted with permission.[76] Copy-
right 2019, American Chemical Society. c) The process to prepare the pure a PEDOT:PSS hydrogel with DMSO as an additive. Adapted with permission.[79]

Copyright 2019, Springer Nature.

host–guest interaction-based DCHs when mixed with polymers
modified with CD monomers. Such hydrogels have shear-
thinning properties and are thus injectable. However, because
of the relatively weak host–guest interaction, self-assembled
host–guest hydrogels are mechanically soft and exhibit high
erosion rates, inhibiting their use in long-term cell culture
experiments. The stability of the hydrogel can be increased with
secondary covalent crosslinking to further modulate its mechan-
ical properties[75] at the cost of reducing network reversibility.

Guo et al. reported a DCH that can recover after stretching
and compression. The hydrogel is based on the host−guest inter-
actions between 𝛽-cyclodextrin (𝛽-CD) and the hydrophobic iso-
propyl group of N-isopropyl acrylamide (NIPAM). With the addi-
tion of nanostructured PPy and multiwalled carbon nanotubes,
the resulting hydrogel is responsive to multiple stimuli (heat
and near-infrared light) and has self-healing properties, tested
by rheological step–strain measurements.[75] Our group devel-
oped a DCH through host–guest interactions.[78] As shown in
Figure 2b, in the presence of adamantyl-modified sulfated al-

ginate (S–Alg–Ad), a bioelectroconductive polymer (PEDOT:S–
Alg–Ad) was synthesized by 3,4-ethylene dioxythiophene (EDOT)
oxidative polymerization. In rheological tests, the viscosity of the
hydrogels decreases with increasing shear rate, demonstrating
their shear-thinning behavior. The mechanical properties can be
further fine-tuned by adjusting the hydrogel composition (con-
centrations and ratios of host and guest polymers). These prop-
erties allow the DCH to readily encapsulate cells and to be in-
jectable via a 27G needle. This hydrogel demonstrated a quick
self-healing capability that can also be recovered through multi-
ple cycles of alternate step–strain switches via rheological testing.
The physical crosslinks at the interface could be restored through
host–guest interactions. Due to the involvement of 𝜋–𝜋 stacking
and sulfate anion–𝜋 interactions, the mechanical stability of the
hydrogel is better than those of many host–guest structures. The
viability, proliferation, and differentiation of encapsulated C2C12
cells in vitro are also assisted by the hydrogel matrices. Interest-
ingly, the presence of PEDOT will significantly lead to the forma-
tion of myotube-shaped structures.
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3.1.3. Hydrophobic Interactions

Self-assembly by hydrophobic interactions is a very general
mechanism for fabricating DCHs. Although they are less specific
than host–guest interactions, when amphiphilic biopolymers are
engineered appropriately, they are good candidates for the as-
sembly of noncovalent hydrogel networks. By treating commer-
cially available PEDOT:PSS with H2SO4 (0.1 m) at 90 °C, the
self-assembled pure PEDOT:PSS hydrogels demonstrated a high
water content of 99.22 wt% and conductivity of 46 S m−1, as
heating and acidic media induce 𝜋–𝜋 stacking and hydropho-
bic attractions between the PEDOT particles.[92] Khademhosseini
et al. recently reported a PEDOT:PSS hydrogel formed at room
temperature.[78] The gels were developed by adding a surfac-
tant (4-dodecyl benzene sulfonic acid, DBSA) to PEDOT:PSS. For
gelation, the concentration of DBSA needs to reach a threshold
value at which it provides sufficient H+ to protonate the neg-
atively charged PSS. Paired with the remaining surfactant mi-
celles (headed with negatively charged sulfuric acid groups), the
increased ionic strength is expected to weaken the electrostatic
attraction between PEDOT and PSS chains. In turn, this would
facilitate the formation of a 3D network between the exposed
PEDOT molecules, promoting the physical crosslinking caused
by 𝜋-𝜋–stacking and hydrophobic attractions. The authors have
demonstrated that the PEDOT:PSS formed at room tempera-
ture can be utilized for developing soft and self-healable bioelec-
tronic devices based on hydrogels. Zhao et al. reported a pure PE-
DOT:PSS hydrogel that can be used for 3D printing by drying and
swelling a mix of aqueous PEDOT:PSS with volatile dimethyl sul-
foxide (DMSO).[79] By choosing different dry-annealing methods,
the electrical, mechanical, and swelling properties of the result-
ing hydrogel can be tuned. Another way to methodically tune the
properties of hydrogels is by modifying the proportion of DMSO,
as it enables the recrystallization of the aqueous PEDOT:PSS so-
lution during the dry-annealing process. This results in the rear-
rangement of PEDOT and PSS chains that can assemble into a
pure PEDOT:PSS hydrogel due to 𝜋–𝜋 stacking and hydrophobic
interactions.

3.1.4. Hydrogen Bonds

Among the dynamic bonding mechanisms, hydrogen bonds rep-
resent the most common interactions.[97] Individual hydrogen
bonds in hydrogel systems are usually weak but can achieve me-
chanically robust hydrogels by being synergistically combined
with other types of chemical interactions. Different materials can
be incorporated into a hydrogen bond-based network to improve
the mechanical and conductive properties of hydrogels, such
as graphene oxide (GO). These nanosheets contain abundant
oxygen-containing moieties on their surfaces[98] and can be used
as crosslinkers to prepare conductive composite hydrogels.[95–97]

Furthermore, Jiang et al. recently reported PEDOT:PSS/guar
slime (PPGS) as an injectable, biocompatible, self-healable, and
conductive material that can be used for wound healing. As a
proof-of-principle assay, the healing effect of the PPGS DCH was
explored in a skin wound model in rats, where it showed a faster
healing rate.[83]

Zeng et al. reported a DCH based on hydrogen bonds by incor-
porating multiple 2-ureido-4[1H]-pyrimidinone (UPy) groups as
crosslinking points into a brittle polyaniline/poly(4-styrene sul-
fonate) (PANI/PSS) network. Due to its linear mechanical prop-
erties and electronic conductivity, the interpenetrated PANI/PSS
network can accurately and reliably detect various human mo-
tions. By combining supramolecular chemistry and conductive
polymers, it is possible to develop hydrogel networks with mul-
tiple functionalities. These new tools provide fresh insights into
the design of advanced functional materials that can be applied
to multiple fields as 3D printable materials and for the design of
wearable and flexible electronic devices.[82]

3.2. Dynamic Chemical Bonding-Based DCHs

Reversible covalent bonds, such as Schiff base, disulfide, and bo-
rate ester bonds, can be used to prepare DCHs (Table 2). The
breaking and reformation of these bonds are in an equilibrium
state under specific conditions (i.e., pH), which cannot be shifted
under mechanical force, thus offering high stability of the result-
ing dynamic network.

3.2.1. Schiff Base Bonds

The reversible chemical bond of the Schiff base forms between
an amine and an aldehyde, while the acyl hydrazone bond forms
between an aldehyde and a hydrazide. The injectability and self-
healing properties of hydrogels formed by Schiff base bonds have
been well studied. Recently, Guo et al. reported a conductive self-
healing hydrogel based on Schiff’s base reaction (Figure 3a).[102]

First, the aniline oligomer was grafted to chitosan, while PEG was
functionalized with benzaldehyde. The two components are then
mixed to synthesize hydrogels via Schiff base formation. Self-
healing behavior could be realized in this covalently crosslinked
DCH system. Another chitosan-based DCH was developed us-
ing CNTs as the conductive component.[116] DCHs were prepared
by mixing an N-carboxyethyl chitosan solution and a block poly-
mer PF127-CHO/CNT suspension. The hydrogel networks were
formed by a covalent Schiff base between the aldehyde from the
PF127-CHO micelle and the amino groups from N-carboxyethyl
chitosan. PF127 was selected as a crosslinker because of its good
biocompatibility and ability to enhance the dispersity of CNTs.
Fu et al. also reported a DCH based on Schiff base crosslinking.
Acrylamide (AM) was polymerized in sodium alginate with an
aldehyde group to form a dynamic hydrogel.[104] The synergy of
the dynamic Schiff base bond and hydrogen bond in the hydrogel
system contributed to the excellent self-healing, toughness, and
stretchability. However, the ability of the amide of AM to form a
stable Schiff base remains to be demonstrated. Moreover, a gen-
eral weakness of crosslinking by the Schiff base is its pH depen-
dency and instability in acidic conditions, which might hinder
some applications.[117]

3.2.2. Disulfide Bonds

Disulfide bonds play a crucial role in protein folding and assem-
bly. This S–S covalent bond is formed between the thiol side

Adv. Healthcare Mater. 2021, 10, 2100012 2100012 (7 of 20) © 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



www.advancedsciencenews.com www.advhealthmat.de

Table 2. Chemical crosslinks, composition, properties, and dynamic covalent reactions that can be utilized in building DCHs. Selected references are
provided.

Chemical crosslinks Composition Properties Applications Conductivity Ref.

Schiff base
(secondary imine)

Chitosan-graft-aniline
Benzaldehyde-capped-PEG

Self-healing
Antibacterial
Adhesive
Injectable
In vivo degradable
Cytocompatible

Cell delivery for cell
therapy in vivo

2.29 × 10−3 to 2.42 ×
10−3 S cm–1

[98]

N-carboxyethyl chitosan
PF127
CNTs

Self-healing
Adhesive
Hemocompatible
Cytocompatible

Wound healing in vivo
Drug delivery

1.37 × 10−3 to
8.45×10−3 S m–1

[99]

OSA
PAM

Self-healing - 0.00152 S cm–1 [100]

Quaternized chitosan-g-polyaniline
PEG-copoly(glycerol sebacate)
4-Formylbenzoic acid

Self-healing
Adhesive
Hemocompatible
Cytocompatible

In vivo wound healing Up to 3.5 mS cm–1 [101]

Chitosan-graft-PANI
Oxidized dextran

Antibacterial
Cytocompatible
In vivo degradable
In vivo biocompatible.

Drug release in vitro 6.9×10–2 S m–1 to
7.9×10–2 S m–1

[102]

Partially oxidized Alg
Gelatin
TA
2-Aminopyridine-5-thiocarboxamide

Injectable
In vitro degradable
Cytocompatible
In vivo compatible

Drug and cell delivery for
cell therapy in vivo

Up to 3.7 ± 0.3 ×
10−4 S cm–1

[103]

Disulfide bonds 𝛼-lipoic acid
AA
Choline chloride
Fe3+

Stretchable
Self-healing

Wearable electronics 2.4 × 10−3 to
2.8 × 10−3 S m–1

[104]

PEGDA
Cystamine
TA
Thiol-modified HA

Cytocompatible in vitro
Biocompatible in vivo
Biodegradable in vitro

Cell delivery in vivo. Up to 9.6 × 10−3 S cm–1 [105]

Liquid-metal-embedded
sulfur polymer

Self-healing - 0.43–1.8 × 103 S m−1 [106]

2,3-Dimercapto-
1-propanol
meso-2,3-Dimercaptosuccinic acid
Hydrobromic acid

Self-healing
Stretchable
Injectable
Cytocompatible
Adhesive
Biodegradable in vitro

0.0028 S cm–1 [107]

Dynamic borate
ester bond

CNT
Graphene
Silver nanowire

Self-healing
Stretchable

Wearable bioelectronics - [108]

Guanosine
Potassium tetrahydroxyborate
PANI

3D printable Glucose biosensor (GOx)
Improved functionality of

hemin compared to
free enzyme

- [109]

PPy
Cellulose nanofibers
PVA
Borax

Self-healing
pH-sensitive
Cytocompatibility

- 1.5 to 4.8 S m–1 [110]

PVA
PAA
Borax
KCl

Self-healable Capacitor prototype 41.6 mS cm–1 [111]
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Figure 3. a) DCHs based on Schiff bases. DCHs were demonstrated with cell delivery and antibacterial applications. Adapted with permission.[98]

Copyright 2016, American Chemical Society. b) The dynamic borate ester bond crosslinking reaction formed DCHs between PVA, SWCNT, and borate
ester. c) Picture of SWCNT-containing DCHs. d,e) Scanning electron microscopy (SEM) images of the SWCNT DCHs. Reproduced with permission.[108]

Copyright 2017, Wiley-VCH GmbH.

chains of cysteine residues of some proteins in the presence of
a mild oxidative environment. However, it can also be adapted
to design strategies for smart biomaterials and DCHs. To form
disulfide crosslinks in a hydrogel, an oxidation agent must be
present; oxygen itself is sufficient to achieve mild, cytocompat-
ible crosslinking.[118–116] Disulfide cross-linking has been used in
different design strategies for smart biomaterials and can provide
an opportunity to develop DCHs.[117]

Qi et al. reported a novel lipoic acid-based ionic DCH with
acrylic acid (AA), choline chloride, and ferric chloride (Fe3+).[108]

The solvent-free process is extremely facile, fast, low-cost, and
scalable. Transparent, highly stretchable, and self-healing prop-

erties are simultaneously achieved in this ionic conductor be-
cause of the collective contribution from disulfide bonds, hy-
drogen bonds, and coordination bonds. The resulting material
shows high sensitivity as strain sensors, which can be directly
used as wearable electronics for detecting motions. Xin et al. also
reported recyclable, conductive, and self-healable materials based
on liquid metal and dynamic disulfide bond formation.[110] Shang
et al. reported injectable DCHs with disulfide bonds as a dynamic
crosslinking for delivering adipose-derived stem cells.[105]

The thiol–disulfide exchange reaction resulted in DCHs
with fast gelation kinetics and high cytocompatibility with
biomedical applications. Potential drawbacks of this crosslinking
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mechanism include off-target reactions that can interfere with
their bioactivity with encapsulated proteins and cells. The ex-
change of disulfide bonds can be accelerated by protein disulfide-
isomerases, a family of enzymes in the endoplasmic reticulum
(ER) in eukaryotes and the periplasm of bacteria. It will be very
interesting to explore enzyme-mediated network dynamics to de-
velop responsive and adaptive smart materials in the future.

3.2.3. Dynamic Borate Ester Bonds

Boric acid is a neutral triangular plane sp2-hybrid boron that is
bonded with alkyl and two hydroxyl groups, serving as a Lewis
acid because of the vacant p-orbital at the boron center.[118] Due to
the dynamic exchange between the free diol and boronic acid and
condensated species, boronic esters are considered dynamic co-
valent structures.[118–120] Boronate esters constantly undergo dy-
namic rearrangement and can be used to form DCHs because
of the low-energy barrier between reactants and products. Lee
et al. reported a DCH prepared by dynamic borate ester bonds.
The DCH was formed through tetrafunctional borate ion inter-
actions with the hydroxyl groups of polyvinyl alcohol (PVA), and
CNTs were utilized as the conductive component (Figure 3b). The
hydrogel showed high stretchability (strain up to 1000%) and ex-
hibited good self-healing capability that restored most of its orig-
inal conductivity (98 %) in a very short time (3.2 s).[108] Similar
DCHs have been reported by replacing CNTs with other conduc-
tive materials, such as PEDOT:PSS, PPy, and graphene.[121–125]

All of these dynamic borate ester-based DCHs exhibit fast self-
healing, good stretchability, and good conductivity.

3.3. Double-Network DCHs

One of the major challenges of DCH design and development
is the conflict among various features, including the mechan-
ical strength, conductivity, stiffness, and high water content
(>90 wt%). Highly conductive hydrogels tend to be brittle be-
cause of the high content of rigid conductive materials, while
highly hydrated materials are often soft and less conductive. An-
other challenge is to combine fast network dynamics with high
mechanical strength. Robust hydrogels are typically achieved by
increasing the polymer concentration and degree of crosslinking,
which will greatly reduce the dynamic interactions, impairing
the shear-thinning, self-healing, and stress-relaxation properties.

The double-network strategy can be used to overcome some of
the problems by combining a mechanically strong nonreversible
network with reversible crosslinks. This is similar to the mech-
anism used by biological materials such as mussels and ten-
dons to generate structural materials that are strong and tough
at the same time. Materials fabricated with this strategy demon-
strated enhanced mechanical properties, including a high elastic
modulus (0.1–1.0 MPa), strength (1–10 MPa), stretchability (100–
2000 %), and toughness (100–10 000 J m−2).[124–128] The reversible
bonds can reform again after deformation, dissipating the stress
accumulated in the matrix. Hence, the resulting network retains
good shear-shining and self-healing properties. Developing con-
ductive polymers with a double network will lead to conductive
materials with robust mechanical properties.

In a recent study, a double-network DCH was reported by Xing
et al. PPy was conjugated to acylated chitosan to form PPy-grafted
chitosan. Acrylic acid was polymerized together with PPy-grafted
chitosan and Fe3+ (Figure 4). The synergy of reversible and ir-
reversible bonds results in good mechanical properties that can
be stretched up to 1500% and quickly recover its electrical and
mechanical properties. In particular, the mechanical self-healing
efficiency was remarkable, and the electrical recovery efficiency
was 96% (in 1 min).[129]

4. DCHs for Biomedical Applications

In DCHs, various ECM-mimetic biochemical and mechanophys-
ical cues, cytocompatibility in vitro and biocompatibility in vivo
as well as desired electrochemical properties can be realized, en-
abling their use for different applications in the biomedical field,
including 3D cell culture, tissue engineering, drug/cell delivery,
wearable bioelectronics, and implantable bioelectronics. We will
focus on the new developments of DCHs for biomedical applica-
tions since 2015.

4.1. DCHs for 3D Cell Culture

As described in the introduction, the ECMs are hydrated net-
works consisting of biomacromolecules, which provide biochem-
ical and structural support for the cells. Recapitulating native
ECMs with chemically defined synthetic polymers represents a
long-lasting challenge for cell cultures and tissue engineering. In
general, desired ECM-mimetic properties can be achieved by (1)
programmable functionalization with modular building blocks to
provide the ECM-like supporting scaffold and (2) modulation of
soluble factors. Thus, DCHs can be tailored to resemble a specific
native environment and promote cell activities, including cell ad-
hesion, migration, proliferation, differentiation, and protein se-
cretion. Meanwhile, electrical stimulations can be applied, and
electrical signals can be recorded.[5,17,130,131]

Since many types of cells, such as epithelial cells, fibroblasts,
and cardiomyocytes, are sensitive to the material stiffness, tuning
the mechanical properties of DCH would significantly impact cell
behavior. Engel et al. reported a DCH composed of collagen, al-
ginate, and PEDOT:PSS.[74] Materials with the desired stiffness
and stress relaxation properties have been identified, exhibiting
ECM–mimetic fibrous structures and enhanced electrical cou-
pling in engineered cardiac tissue, resulting in markedly im-
proved beating characteristics (Figure 5a). Improved cardiomy-
ocyte maturation and beating properties have also been observed
in human induced pluripotent stem cell-derived cardiomyocytes.

The microstructure can be beneficial for cell growth in 3D.
Annabi et al. reported a DCH by gelatin methacryloyl (GelMA)
and PEDOT:PSS, which was used to build conductive 3D C2C12
myoblast cell-laden structures with bioprinting.[133] The bio-ink
was formed by two steps. First, PEDOT:PSS was crosslinked by
bivalent calcium ions and a secondary photopolymerization step
with visible light to crosslink GelMA after printing. He et al.
developed a nanocomposite supramolecular DCH by homoge-
neously incorporating pristine carbon nanotubes into a func-
tional self-assembling peptide-based matrix as a hybrid hydrogel

Adv. Healthcare Mater. 2021, 10, 2100012 2100012 (10 of 20) © 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



www.advancedsciencenews.com www.advhealthmat.de

Figure 4. A double-network DCH based on ionic interactions and radical polymerization. a) Picture of the self-healing property of the double-network
DCH. b) Schematic demonstration of the self-healing capability of the double-network DCH. c) Capability of mechanical recovery after cutting and self-
healing. d) Capability of electrical recovery after cutting, showing that the electrical recovery efficiency is 96% within 1 min. e–g) Rheological testing
of the double-network DCH.Frequency sweep (e) and amplitude (f) sweep test. G′ and G″ of the double-network DCH with cycle oscillation force (g).
Adapted with permission.[129] Copyright 2017, Wiley-VCH GmbH.
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Figure 5. a-i) Schematic illustration of DCH (eCA-gel) preparation. ii) Representative live-dead staining images of neonatal rat cardiac cells cultured on
2D at 48 h. iii) Quantitative analysis of cell viability. iv) Representative live-dead staining images of neonatal rat cardiac cells in 3D cultured at 48 h. v)
Cell viability of live-dead staining (n = 3). Scale bars: 50 µm. Adapted with permission.[74] Copyright 2017, Wiley-VCH. b-i) The formation of DCH with
the injection of pregel into PBS solution and a schematic illustration of the interaction mechanism. ii) Image of the electrical stimulation device for cell
culture and a schematic illustration of cell culture under electrical stimulation. iii) The bundled axons in the DCH with 3D cell culture. The asterisk-
marked area in (iii) was investigated by analyzing iv) confocal images with high magnification of single optic section. v) The reconstructed axons and
myelinated segments were colored green and red,respectively. vi) mRNA expression of MBP and c-Jun genes. Adapted with permission.[132] Copyright
2020, American Chemical Society.

with good injectability and conductivity.[132] Changing the type of
peptide and concentration of pristine carbon nanotubes in the
DCH can control the structural and mechanical properties. They
showed that electrical stimulation (ES) can promote axon out-
growth and Schwann cell (SC) migration away from dorsal root
ganglia spheres in 3D (Figure 5b), thus demonstrating that ES
can enhance the interactions between SCs and axons, resulting
in enhanced myelination.

4.2. DCHs Used as Adhesives for Bioelectronic Applications

Recently, adhesive hydrogel-based bioelectronics has been pro-
moted to enable a more robust and seamless tissue–device con-

nection, particularly for tissues under deformation and stress,
such as skin, myocardium, or skeletal muscles.[134] Adhesive hy-
drogel bioelectronics can ensure stable and conformal contact
with tissue, reduced interface resistance from complex tissue,
stable and continuous signal detection from human body mo-
tion, and a comfortable wearing experience. There are several
considerations in the design of DCH-based adhesive bioelectron-
ics: 1) tunable adhesive strength, reversible adhesive property,
and easy peel-off without causing trauma to the tissue surfaces
and 2) strong adhesion in wet environments, especially for im-
plantable bioelectronics encountering body fluids and bleeding
wounds.

Catechols such as dopamine (DA), gallol, and polyphenols
(e.g., tannic acid (TA) and polydopamine (PDA)) are widely used
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in developing adhesives.[134–137] DA can be oxidized and adhere
to various substrates, resulting in an outstanding adhesive abil-
ity via dynamic non-covalent and covalent interactions with tis-
sue surfaces.[136] Recently, mussel-inspired dopamine-based con-
ductive hydrogels have generated significant interest due to their
excellent adhesive performance associated with multiple nonco-
valent interactions (ionic interactions and hydrogen bonds, and
𝜋–𝜋 stacking).[140–143] Lu et al. reported a polyacrylamide hydrogel
incorporating PDA and GO.[138] To achieve the resulting adhesive
DCH, dopamine was polymerized to produce a PDA solution, to
which GO was introduced and partially reduced (Figure 6a). This
reduced GO (rGO) is the main factor responsible for the high
conductivity of the hydrogel. For the acrylamide to polymerize
and form the hydrogel, the monomer needs to be added along
with an initiator and crosslinker. The final hydrogel showed high
electrical conductivity and self-healing properties when studied
by tensile–heal–tensile mechanical tests. The maximum adhe-
sive strength on porcine skin is 30 kPa. Alternatively, with the
incorporation of gallol and metal iron, Burdick et al. reported
an adhesive DCH by introducing microparticles of a hyaluronic
acid (HA) hydrogel (i.e., microgels) into a granular solid through
metal coordination.[144] The resulting DCH is injectable and suit-
able for 3D printing, which would allow for the development of
electroactive components for wearable and flexible devices and
ultimately the support of electrophysiological tissues (e.g., my-
ocardium and skeletal muscles).

To mimic the ECM and incorporate glycosaminoglycan (GAG)
into the synthetic matrix, our group developed and synthesized
DCHs based on polysaccharides, which were generated by a hy-
drogel network of aldehyde-modified hyaluronic acid (HA-ALD),
glycol chitosan (GC), and PEDOT:Hep (or PEDOT:PSS).[139]

Reversible covalent crosslinking resulted from Schiff base for-
mation between HA-ALD and GC. Due to the ionic interaction
between negatively charged PEDOT:Hep or PEDOT:PSS and
positively charged GCC, noncovalent crosslinking was primarily
mediated (Figure 6b). The dynamic double-network resulted
in hydrogels with desired rheological properties, such as self-
healing and shear-thinning behavior, as well as adhesiveness on
both glass and wet tissue surfaces.

To achieve a stable integration of bioelectronics with tissues,
Zhao et al. reported an e-bioadhesive interface.[145] The combi-
nation of rGO with PVA results in a graphene nanocomposite
hydrogel, which can be further interpenetrated with a network
of polyacrylic acids (PAAs) grafted with N-hydroxysuccinimide
ester (PAA-NHS ester). This rGO–PVA–PAA–NHS ester can be
dried to prepare a carboxylic acid-containing e-bioadhesive inter-
face. This allows the formation of hydrogen bonds and electro-
static interactions with the wet and complex surface of wet tissue
and the interfacial water, which is rapidly absorbed and removed.
It is also possible to achieve the long-term stable integration of
bioelectronic devices in physiological environments with the ad-
ditional contribution of covalent crosslinks with primary amine
groups (e.g., lysine residues) on the tissue surface.

Adhesiveness is highly favorable for improving bioelectronic
functionality by forming a seamless interface. In addition
to excellent toughness and stretchability, high conductivity,
self-healing and stress relaxation, and antibacterial capability
are also desired properties for the development of adhesive
bioelectronics.

4.3. DCHs for Controlled Drug Release and Cell Delivery

Responsiveness to electrical stimulation represents a unique
property of CHs when compared to other biomaterials. Stimulus-
responsive materials allow for controlled and long-term drug re-
lease, which are improved drug delivery systems to treat chronic
diseases, as a promising alternative to regular and systematic
injections.[18,146–149] Most premises for drug release from DCH-
based systems rely on a similar mechanism: alterations in charge
distribution due to changes in the electrical field cause structural
changes in the network.[102,150] These changes reflect the different
encapsulation mechanisms of the drug, the structure of the poly-
mer, and its responsiveness to variations in the electrical field.

Zare et al. reported a programmed drug delivery hydro-
gel fabricated by an electric field responsive material.[151] A
temperature-sensitive hydrogel is used to encapsulate nanopar-
ticles of a conductive polymer (PPy) loaded with an anticancer
drug. The amount and speed of drug release can be controlled
by applying a direct external current (DC). The resulting electro-
chemical reduction or oxidation of PPy changes the overall net
charge of the conductive nanoparticles, providing a release pro-
file that can be externally modulated with DCH.

In addition, DCHs can also be utilized as cell delivery sys-
tems. Ma et al. proved that injectable DCHs based on chitosan-
aniline conjugated conductive polymer and PEG with benzalde-
hyde modification had been identified as an injectable conductive
hydrogel for cell delivery, which was used for myocardial infarc-
tion (MI).[98] Cells encapsulated in the hydrogel showed good vi-
ability and proliferation. The system was tested with C2C12 my-
oblasts and H9c2 cardiac cells, and the release rate was further
tuned by varying the cell density. Also, this DCH demonstrates
good antibacterial properties because of the positively charged
chitosan and polyaniline, which will be a very promising DCH
system for both cell culture and clinical uses.[41,98,152]

4.4. DCH-Based Implantable Hydrogel Bioelectronics

While DCHs have many utilities, such as ECM-mimetic matrices
for 3D cell culture, functional adhesives for tissue engineering,
and controlled drug release, these functions can also be com-
bined and used for in vivo applications as implantable materi-
als. Implantable hydrogel bioelectronics have been developed for
biomedical applications such as myocardial tissue engineering
and neural tissue engineering.

One of the leading causes of morbidity and mortality globally
is heart-related issues, especially the damage caused by MI.[153]

The myocardium is a tissue formed by different cell types, among
which electrically excitable cells can be found, making the heart to
be an electrically active organ.[154,155] In vivo, myocardial cells con-
tract synchronously when an electric signal is received from the
sinoatrial node. If the tissue is damaged and scarred, the trans-
mission of electrical and mechanical signals becomes impaired
and may ultimately lead to heart failure.[156,157] One way of coping
with this type of injury is by combining biological and chemical
approaches. Stevens et al. reported the first functional heart patch
for cardiac tissue engineering by coating a phytic acid-doped
chitosan surface with PANI.[158] This conductive patch is adhe-
sive conductive and has low surface resistivity due to the strong
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Figure 6. a-i) The fabrication process of the adhesive PDA-GO-PAM based DCH. ii) The DCH acted as an adhesive electrode to detect electromyography
signals. Adapted with permission.[138] Copyright 2017, Wiley-VCH GmbH. b) The dual cross-linked DCH adhesive. i) The preparation process of the
DCHs. ii) Image of the lap-shear experimental of DCH and adhesion mechanism. iii) Adhesion of the DCH on muscle tissue. The hydrogel remains
adhered to the muscle tissue in water. Adapted with permission.[139] Copyright 2019, Wiley-VCH GmbH.
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chelation between phytic acid and chitosan. Furthermore, this tis-
sue engineering platform has shown promising results in both ex
vivo and in vivo experiments, showing immediate effects on the
electrophysiology of the heart without causing any arrhythmias.

Liu et al. also developed a therapeutic patch for MI based on
conductive and adhesive hydrogels (Figure 7a). A hyperbranched
polymer was synthesized by the reaction between dopamine hy-
drochloride, pentaerythritol triacrylate, and poly(ethylene glycol)
diacrylate (PEGDA). Next, pyrrole was conjugated to the hyper-
branched polymer acrylate group through Michael addition as
end-capping.

Fe3+ was added to polymerize pyrrole as an oxidant and form
a complex with dopamine, leading to gelation.[159] The conduc-
tive hydrogel exhibits good adhesive properties. It can be directly
painted onto the heart surface as a patch without external reac-
tions or curing, providing a novel therapeutic biomaterial for car-
diac tissue engineering.

Neurological injuries bring huge burdens to patients and soci-
ety. The nervous system includes the central nervous system and
the peripheral nervous system, both of which can suffer from
neurological injuries. Although the peripheral nervous system
has a moderate capability for autonomic regeneration compared
to the central nervous system, which has a very limited regenera-
tive capability, neither the brain nerves nor the spinal cord nerves
can regenerate spontaneously in most neurological injuries.[161]

Therefore, autologous transplantation remains the gold standard
treatment for neurological injuries.[162–164] Ning et al. reported an
implantable DCH based on PPy, in which TA acts as a crosslinker
and dopant and Fe3+ acts as an oxidant and ionic crosslinker.[160]

The therapeutic efficacy of the material on spinal cord injury
(SCI) was also investigated (Figure 7b). High electronic conduc-
tivity (0.18 S cm–1) and tunable stiffness (0.3–2.2 kPa) provide
this DCH with a huge application possibility in the neural regen-
eration area. Neural stem cells (NSCs) demonstrated accelerated
differentiation into neurons on this DCH surface while suppress-
ing astrocyte development in vitro. In vivo, the DCH can stimu-
late endogenous NSC neurogenesis, resulting in significant lo-
comotor function recovery in an SCI animal model. This work
suggests that DCHs can stimulate tissue repair in SCI without
the addition of any other therapeutic agents.

For large defects in bone tissues, polymer scaffolds can
be implanted to prevent scar formation.[165] Since bones are
electrically active tissues, CH-based materials can promote
bone regeneration.[166–168] Lu et al. synthesized a multilayered
graphene-containing DCH that exhibited improved mechanical
strength, flexibility, and adhesion to osteoblast and bone tissues.
The material can maintain the osseous space and promote early
osteogenesis in a rat calvarial defect model.[169] To mimic the
physiological microenvironment of bone, Liu et al. reported in-
jectable CNTs and black phosphorus (BP)-containing DCH with
enhanced mechanical strength, electrical conductivity, and con-
tinuous phosphate ion release for tissue engineering.[170] The
DCH utilized a biodegradable oligo-(poly-(ethylene glycol) fu-
marate) (OPF) polymer as the crosslinking matrix, with the ad-
dition of cross-linkable CNT-poly(ethylene glycol)-acrylate (CNT-
pega) to grant network formation and electroconductivity. BP
nanosheets were incorporated to aid bone regeneration through
the steady release of phosphate (through the environmental ox-
idation of phosphorus in situ). This BP-CNTpega gel was found

to enhance the adhesion, proliferation, and osteogenic differen-
tiation of MC3T3 preosteoblast cells. As monitored with X-ray
imaging in bone defect regeneration tests with rabbits, the BP-
CNTpega gel exhibited excellent capability to fill femur defects,
vertebral body cavities, and posterolateral spinal fusion sites via
in situ gelation.

5. Conclusion and Outlook

In DCHs, the strength of conventional biomaterials (viscoelas-
tic 3D structure, more than 90% water content, and reliable bio-
compatibility) is well integrated with conductive polymers to real-
ize highly tunable mechanical properties, high conductivity, and
responsiveness to multiple stimuli. Many physical and chemi-
cal features can be tailored to resemble various properties and
functions of natural tissues. Therefore, DCH-based biomateri-
als have become increasingly interesting for biomaterial research
and clinical therapy. Nevertheless, there are still several critical
challenges in this field.

5.1. Mechanical and Electrochemical Properties and
Biocompatibility

In recent years, the electrical and biomechanical properties of hy-
drogels have been remarkably improved. However, there are still
several critical features that require further optimization and im-
provement. For instance, most reported DCHs possess limited
electrical conductivity (mostly less than 1 S cm–1). Many materials
require tedious synthesis, thus preventing large-scale synthesis
and high reproducibility. While noncovalent assembly is impor-
tant for many cell-based applications, most physical crosslinked
hydrogels do not show high stretchability and toughness, which
remains a challenge and significantly limits their utilization in
bioelectronic devices.

5.2. Advanced Fabrication Technology with DCHs

Fabrication technology for hydrogel-based bioelectronics has still
not been adequately explored. For example, 3D printing, espe-
cially bioprinting, can be used to fabricate target tissue-specific
micro- and macrostructures. However, there are still many daunt-
ing challenges, including high spatial resolution, large-scale pro-
duction, the construction of a complex 3D structure, and a highly
cytocompatible manufacturing process.

5.3. Further Investigation of the Long-Term Stability or Tunable
Degradability and Biocompatibility In Vivo

Most of the conductive components in DCHs are conductive
polymers, carbon materials, and metals. These materials are
often very stable when isolated or in vitro, but their electrochem-
ical properties dynamically change when exposed to complex
biological environments, especially in vivo. This means that
one of the considerations to use DCH-based biosensors and
bioelectronics is whether the DCH can retain its electrochemical
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Figure 7. DCH-based implantable hydrogel bioelectronics. a-i) Schematic illustration of the formation of DCH and its application as heart patches. ii)
Representative images for nontreatment control, MI, nonconductive (HPAE/Geln), and DCH (HPAE–Py/Geln) groups after 4 weeks. iii) Representative
ECGs of different groups. iv) Quantification of the QRS interval of different groups. Adapted with permission.[159] Copyright 2018, Wiley-VCH GmbH.
b-i) Illustration of the fabrication of a DCH through crosslinking by mixing tannic acid, pyrrole, and Fe3+. ii) DCH induced endogenous neurogenesis
in vivo. iii) Schematic demonstration of a DCH that was transimplanted into the spinal cord hemisection gap. iv) Quantification of the average cystic
cavity area of animals with SCI and different hydrogel treatments. Adapted with permission.[160] Copyright 2018, American Chemical Society.
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properties when constantly exposed to biological environments.
As a corequisite, different biocompatibility tests should be
performed, at least at first glance, in vitro at the cell culture level.
While remarkable advances in the synthesis and functionaliza-
tion of DCHs have been made, long-term studies of their in vivo
biocompatibility, stability, and biodegradability are still needed.
The combined use of different noninvasive morphological and
functional imaging modalities, such as magnetic resonance
imaging and positron emission tomography, which are partic-
ularly predestined for intraindividual long-term monitoring,
should be explored.

The development of tailor-made DCHs for biomedical appli-
cations is still in the early stages. In addition to the scientific
and technological challenges of biomaterials, the integration of
microelectronics and the biocompatibility of the resulting com-
plex systems will also become a future research focus. This would
advance the development of DCH-based biomedical devices and
pave the way to transfer these multifunctional materials to clin-
ical uses, for example, to couple electrical stimulation with cell-
based regenerative therapy.
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